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lowcr.casc !tuboht:

at, 42 - First velocity calibration cotfricient for hot.wires I and 2

b - Outside diameter of jet-grid tube (Iram)

bi b2  - Second velocity calibration coefficient for hot-wires I and 2

C - Axial chord of the turbine blade (mim)

C Ic% - Third velocity calibration coefficient for hot.wires I and 2

I) - Injection orifice diameter (mm)

IF - Convection heat transfer coefficient ( . )

- Angle calibration coefficient for hot.wire I

- Angle calibration coefficient for hot.wire 2

- Thermal conductivity of air ,")

, Thermal conductivity of urethane foam

-- Coellicient, wedge flow parameter (111)

, - Turbulence frequency (.s- )

is • Normal to hot-wire 1

2 - Normnal to hot.wire 2

- ieat transfer rate (W)

- Heat transfer rate due to conduction (W)

- )eat transfer rate due to surface convection (V)

9thdri;€a - Heat transfer rate due to electrical heating (%V)

q9rdition - eat transfer rate due to radiation (%V)

- Free.stream dynamic pressure (kPa)

s - Distance measured from the turbine blade leading edge along

the blade surface (sum)

t - time (s)

I- Fluctuating component of X-direction velocity (,M)

i - Mean velocity along the X-direction (1)
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j7 -Mean fluctuating velocity component along the tunnel X.d1retol, ( -

- Mean fludiuvitill, velocity cOrpOlient along the tumel .direction (r + )

.Distance alonp, the tunnel X.direction (rm)

y .DiMtance along the tunnel "X.direction (rnm)

X - Distance along the tunnel X.direction (1mit)

uplpr ca.'c symtbols:

A -Section surface area of the heated turbine blade (YO)

A101 -,t Total surf ace area of the heated turbine biatde (oo)

I) - Bisector designator

C6 - Coefficient used in the momentut solution for wedgv flow

• Coeflicient of presure ott the turbine bWde surface

-Computed voltage output of hot.wire ) (volt)

Ci'. .Computed voltage output of hot.wire 2 (volt)

K' .Measured hot-wire I output from the velocity calibration (volt)

;- Measured hos.wire 2 output from the velocity calibration (volt)

C -Measured hot-wire I output from the angle calibration (volt)

E 2" .Meatured hot-wire 2 output from the angle calibration (volt)

Ell Im S Meam squared error between computed and ue-astured hot-wire 1

output front the velocity calibration (volt)

RR1.Yj; - Mean scloared error between computed and measured hot.wire 2

output from the velocity calibration (volt)

E61RAss - Mean squared error between computed and measured hot-wire I

output from tile angle calibration (volt)
ERRA -Mean squared error between computed and measured hot-wire 2

output from the angle calibration (volt)

1l(u') - Contribution to u7 from the Fourier transform of u' .-)

I - Electrical current (ampere)

L - Linear distance between an exterior thermocouple and an interior

thermnocouple on tile turbine blade (mni)
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* u1rolice frequency cutolff ~

*Iligl et turbulence fretiictcy mem~ured (~

Nit *Nuseit, niumber on the turbine blatdc surlfAce

*Static sturface pressure on the turbine blade Nita)

110 - Free-strc';ti total pressure (kia)

C14* - ree-streant static psressure (V~A)
Pr - Frec-streato Prandi! number

11 * Axisymntric raius

W *ElectricAl resistnce (oh111)

R* - Reyntolds number bamd on the tine ahide 141 chord

11C, - lHevltolds nutmb~er Imed oil ditace -Along the Wlk surface fromi

tile lemlhing Cilge of tile turbiue 144k

- Ieylloi 111amber haml ou boustiury laver cittiilpy thickut-,

- St'u-moll number oil the rurbinm' blile surfaice

- 1'rts.streamn temperature (R)

*Turbinle b1:1410 I'.kernaI teii:J)rmtiT (K)

-/ Mfll Me-n fluid temperature (K)

1 Tu~rb~ine bMade surface temprmture (K)
7*11 Freestreaut turblekwtc ill percent

7*11, X-cc'npottent or frecst reant turbiuleaice ill percent

*Ycopwt of frle.stream turbulence in ptercent

*Effective flow velocity measured bty hot-wire I (mL)

*Efrectiv nlow velocity measuredl by hot-wire 2 (mi)

-Free-strea.rn velocity (M.)

V * Vector sum or U~ + V,

Wl* Hot-wire I

112  - hot-wire 2

* Hot-wire 1 quadratic fit velocity matrix

-Hot-wire 2 quadratic fit. velocity matrix
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tow~ernsa~ Gree. symsibols:

• Surface iat ra dation enCl1siviy

i " Dynamic viscosity coeflicmt. (A)

Ot • Local kineiatic viscosity (-)

eo: -Pree.strt~ai keiliatic viscositv (-)

p • Local air density (M*)

-i'rev .railn air densitv (y )

-Hlot-wire prohe yaw anle

* Wedge halfaitle

$I - tree.streati velocity incidence aniltk with hot-wire I (tiermeis)

02 • Ir'e.streatut velocity incidence angle witi hoit.wire 2 (degrees)

upper ease¢ Cs-eck. .,,pboh::

t Xvlype hot-wire leiM'cor .nrle

A. -O~r.1et angle of hot.wire hiisecior front the tuiiiel reference direction

All .Turbulence fretquentcy bandwidlth (,t- )

At - Time intervl ( r )

A14 -Thernial bounidary l:yer thickieis (in)

A2 •inalpy thickness; of a boiodary layer (i)

A4 - Conduction thickness (it)

Sia b.crijits

Unless otherwise noted, subscripts are designated as follows:

i - designates the i th blade surface section

z -pertains to 10 jet-grid in the flow

0 - Station 0 in the tunnel ,- 15.75

02 -Station 02 in the tunnel, b= 25.67

1 - pertains to wire I

2 -pertains to wire 2

.- pertains to the free-stream
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A FIT/GA1/-'Y/$l). 1

Ileat transfer for a turbine cascade is examined for turbulence scale effects. The

turbulence integral scale and microscale lengths of the frt.stream flow are controlled by

air-.jet injection through a grid placed in the fret.stream flow. Air is injcted into tile

flow in three primiarv directions: co.flow, cros.ow, and countcr.flow, at several ihjlctioll

pre ur. Results are obtained for heat transfer on the blade without the .jet.grid hi the

fret-stream flow. Surface pressures on the turbine blade ar exanmined for three inj ctioit

directions. Surface heat transfer on the blade anti turbulemce intenity and turbulence

scale results are obltained for two grid locations, threm air bnjetion orienftations. atd thre

injetion orifice diameters over a range of injection pressures. Turbulence hitegral scale

and Ilicroscak lenglths are tneasilred in two frt-stream flow coordinates. The turbulence

hitensity decay is determined. Heat transfer on the turbine blade is compared with tile

turbulence iltegral scalo and microscale lengths.

lesults show the integral scale length is primarily deptenldent oil the 4ianleter of the

jet.qrhd tube, hut may be controlled to a lesser degree by changing the orientatin or the

j..grild ijoction to a co.flow or counter-flow direction; or by clatnging the second:ry air.

k-t injctioll premure. The turbulence nmicroscale is primarily dependent on the location

of the jet.grid within the flow, hut, to a lesser degree, controlled by tile oriet ation of tile

jt.grld injection. .. t orifice diameter, and injection pressure.

lit general, jet.grid injection produces a lower turbulence intensity of the free.stre:.;n

than a non.blowing grid, larger turbulence microscale, and lower surface heat transfer co.

efficient. The turbulence integral scale is nearly constant with turbulence intensity and

its length is oil the order of the outside diameter If the jet.grid tube. The Stanton num-

ber and the Nusselt number increase with increasing turbulence intensity and decreasing

turbulence inicroscale length. Tirbulent boundary layer heat transfer predictions compare

favorably on the pressure surface of the turbine blade, except at the leading edge of the

turbine blade for moderate free.stream turbulence levels (4-6 percent). Lamnar boundary
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lavt'r heat transfer pr dictions compare avornhbly o:, the turbine blade suction surface for

low fre.streato, turbulence levels (0-1.3 percent).
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TURlBUIENCI- SCALE EFFECTS ON IIEAT TRANSFER

IN A LINE'AR TURBINE CASCADE

I. ITRODUC770N

1.1 Gcncral

The accurate knowledge of heat transfer distribution on gas turbine blades is of
practical interest in the design of turbomachinery. Accurate prediction or convective heat

transfer within the turbine blade cascade is of particular importance to the design of
gas turbine airfoil design, which, in turn, affects the overall engine cooling design. cycle

efliciency, and hardware durability. Documentation of heat transfer data for turbine blades

is relatively scarce as compared to similar documentation available for flat plte geometries.

l)ocumentation of turbulence scales in relation to turbine blade heat transfer is nonexistent.

Ifeat transfer within a gas turbine blade cascade has been studied for turbulence

intensity and Reynolds number effects (Consigny, 1982), (Priddy, 1985). Other studies

have concentrated on turbulent boundary layer development over the turbine blade surface

and related heat transfer to the blade (Blair, 1989a), (Priddy, 195). Blair (Blair, 1989b)

reports a 20.30 percent increase in effective heat transfer rates for high turbulence level

(S.10 percent) free-stream flow over low turbulence free-stream flow. More recently, heat

transfer on a flat plate for various turbulence levels generated by "jet-grid" inje ion of a

secondary flow into the primary flow has been studied (Young, 1989). Results indicate an

increase of up to 45 percent in Stanton numbers may be achieved with high turbulence

free-stream flow as compared to low turbulence free-stream flow. Additionally, the same

study found the Stanton number, for the flat plate, to be inversely proportional to the

turbulence microscale.

This thesis continues in the manner of the latter study for a turbine cascade. Specif-

ically, turbulence integral scales, microscales, tur-ulence intensity and their relation to

surface heat transfer is investigated for a turbine blade cascade.
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1.2 OL!.ctivcs

The objectives of this thesis are as follows:

(1) Determine the turbulence level induced by jet-grid injection at two downstream

locations. Dttermnine the effcts of injettion pressure, injection orifice diamleter, and injec.

tion direction of a secondary flow on free-streant turbulence.

(2) Measure turbulence energy, integral scales and microscales ror each flow condition

hnpostd an the free-stream flow by jet-grid injection. D~etermine tile relationship between

turbulence intensity and turbulence integral scale and microscale lengths for thle jet-grid

configurations givent in objective 1.

(3) Measure the surface pressures onl the turbine blade for the various jet-grid injec-

tionl confl-guratiolls.

(4) Determine tlie heat transfer oin the turbine blade in terms of thle Stanton and

Nusselt numbers for each jet-grid injetion configuration given Ni objective 1. Determine

tho re!;ttionship between surface heat transfer and turbulence scales.

1.3 MlrNI

A b~rief overview or thle experimental methods used is now presenlted.

Turbine blade surface p~ressures, and heat transfer were measured for various tur-

bulence levels. Free-strem turbulence levels were controlled by varying thle location of

tile jet-grid, the jet-grid injection p)ressulre, injection orifice diameter, and the directioni

of injection with respect tc the inaiimsteam flow. A total of 06 different free-stream11 flow

conditions were tested, along with 3 baseline free-stream flow configurationls. Each test

configuration is identified by a three place letter, number or combination thereof. The

free-stream flow conditions tested are listed in Table 1.1 and Table 1.2. Table 1.1 is a list

of flow configurations tested with the turbulence jet-grid placed at the first station (des.

ignated as station 0) ahecad of the turbine blade row. Its upstre~in location is denoted by

the nondimiensional distance f , where x is a linear distance and b is thle outside diameter

of thle turbulence jet-grid tube. 'rable 1.2 lists thle flow configurations teStCL with the tur-

bulence jet-grid placed at the seconid station (designated as station 02) upstream from the
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turbine blade row. Cotflgurationus tested without any jet-grid placed in the free-stream are

denoted with the grid location (f) denoted appropriately as N/A. Streaniwise secondary

air injection is denoted as co-flow, injection perpendicular to the free.stream1 is denoted as

cr..flow, and injection rgainst the free-stream is denoted as ct.flow in Tables 1.1 and 1.2.

The derrivation of turbulence scales and the theory of laminar and turbulent bound.

ary layer heat trap. ier are discussed in Chapter 2. The experimental apparatus used

to perform the experiment and instrumentation are discussed in Chapter 3. Chapter

4 presents detailed experimental procedures used to measure the turbine blade surface

pressures, the free.stream turbulence and turbulence integral and microscale lengths, and

measure the heat. transfer on the turbine blade surface. The results of this study are dis.

cussed in Chapter 5. The results of the blade surface pressure measuremlents are presented

as nondiniensional pressure coefficients (4.). Both turbulence integral scale length and

nicroscale length are calculated for the primary tunnel reference directions. Surface heat

transfer on lte blade is presented in the forin of tonldiuensional Nusselt numbers (N u)

and Stanto, numhers (SI).
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'Table 1.1. Tcst configurations for the turbine cascade wind tunild- tation 0

fc..t station incfton or'ficc infljccliof
direction diamnCtCr D presurc

mm kPa
XXX no grid N/A N/A N/A
000 15.75 N/A N/A N/A
All 15.75 co-flow 0.66 83.5
A12 15.75 co-flow 0.66 156.3
A13 15.75 co.flow 0.66 245.8
A14 15.75 co-flow 0.66 300.0
AlS 15.75 co-flow 0.66 106.2
A21 15.75 co.flow 1.32 78.2
A22 15.75 co.flow 1.32 157.5
A23 15.75 co.flow 1.32 2.13.1
A24 15.75 co-flow 1.32 296.3
A31 15.75 co.flow 1.98 78.0
A32 15.75 co.ilow 1.98 160.5
A33 10.75 co.flow 1.98 233.9
A3.1 15.75 t:o.flow 1.98 291.8

1111 45.75 cr-flow 0.66 83.4
1312 15.75 cr-Pow 0.66 158.2
1313 15.75 cr-flow 0.66 2.17.1
1141 15.75 cr-flow 0.6 3:103.3
1321 15.75 cr-flow 1.32 80.0
1122 15.75 cr-flow 1.32 153.4
1123 15.75 cr-flow 1.32 238.9
124 15.75 cr-flow 1.32 293.3
1131 15.75 cr-flow 1.98 79.2[ 1132 15.75 cr-flow 1.98 150.2
113:: 15.75 cr-flow 1.98 228.7
C1I 15.75 ct-llow 0.66 83.9
C12 15.75 ct-flow 0.66 163.5
C1:3 15.75 ct-flow 0.66 238.6
C1H 15.75 ct-flow 0.66 295.1
C21 15.75 ct-flow 1.32 81.1
C22 15.75 ct-flow 1.32 155.0
C23 15.75 ct-flow 1.32 238.8
C24 15.75 ct-flow 1.32 292.1
C31 15.75 ct-flow 1.98 80.7
C32 15.75 ct-flow 1.98 143.2
C33 15.75 ct-flow 1.98 241.1
C34 15.75 ct-flow 1.98 293.2
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'Table 1.2. 'rest configurations for the turbine cascade wind tunncl-station 02

tcst statioi iijcclio, orifice injction
direction dianctcr D press,,uro

Mi klla
002 25.67 N/A N/A N/A
DI 25.67 co-flow 0.66 86.6
1)12 25.67 co.flow 0.66 154.2
1)13 25.67 co-flow 0.66 2-18.,
1)21 25.67 co.flow 1.32 76.5
D22 25.67 co.flow 1.32 161.4
1)23 25.67 co.flow 1.32 235.9
1)31 25.67 co.flow 1.98 80.,
1)32 25.67 co.flow 1.98 160.6
1)35 25.67 co.flow 1.98 2410.1
M 1 25.67 cr-flow 0.06 S2.8
E12 25.67 cr-flow 0.66 1 63.A
E13 25.67 cr-flow 0.66 238.A
E21 25.67 cr-flow 1.32 $1.7
E22 25.67 cr-flow 1.32 169.0
E2"3 25.67 cr.flow 1.32 2:19.9

:11 25.67 cr-flow 1.98 80.2
E32 25.67 cr.flow 1.98 160.4
E33 25.67 cr-flow 1.98 238.1

F11 25.67 ct-flow 0.66 81.5
F12 25.67 ct-flow 0.60 156.1
E13 25.67 c'.flow 0.66 24,1.
F21 25.67 ct-flow 1.32 83.1
F22 25.67 ct-flow 1.32 152.5
F23 25.67 ct-flow 1.32 237.6
F31 25.67 ct-flow 1.98 80.3
F32 25.67 ct-flow 1.98 160.8
-33 25.67 ct-flow 1.98 236.4
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11. THElOlRY

2.1 Turbulericc Intgrml Scale and ,icroxcac Lcngihs

The turbulence integral scale (A) ane microscale (A) are of interest from the stand.

point of turbulence. The integral scale defines the size of the large turbulent eddies in

a turbulent flow. The microscale is a measure of the smallest measurable homogeneous

group of fluid, where all particles within the group share the same velocity. Figure 2.1

shows the concept of turbulence integral scales and micro.cales. Note that the turbulence

integral scales are comprised of microscales.

For analysis purposes, consider the velocity of a fluid in a single direction.

The velocity in the X-direction (u) may be considered as consisting of a steady stalte

component (iT) and a fluctuating component (u,) of velocity.

u =i'+ it, (2.1)

Ill the same manner that vibrations ill a solid occur at dilrerent frequenc;es anl

strength. turbulence in a fluid, such as air, occurs at different "feciiencies and with dilreremt

strengths of turbulence. These frequencies are measurabVl, and related to the turimlenct

scale lengths by the spectral distribution of the turbulei.?e. If ER.(n) defiles the spectral

distribution of u' in the frequency bandwidth between n ,Nlcl n + tin, then

72 = j E,(n)d' 12.2)

In Equation 2.2, tile quantity dn is the unit frequency interval. E.,(n), the firbulcc

power per frequency bandiridth (An ), is obtained from the Fourier transform of u'2 from

the time domain to the frequency domain in the following manner..

For a discrete function, Parseval's theorem is written (Brigham, 1986) as

Ss2= [_ V(U') (2.3)
k=O 1.=0
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A

Figure 2.1. SceIuta1:tic Of tulrbolciuce integral scailes andi iicroscales
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where

11(U') - spectral function of ' from

the Fourier transforn of u'

or rewriting Equation 2.3,
' N L J (2.4)

Urms IV17F
n"o

Coienaring Equation 2.4 with Equation 2., B,.,(") must be relai t( t.1,)m' .

=:(": -v - (2" J

id21 the fl htvry of Fourier Transforms, the lonitudinal correlatio., ftm-tion (f(jw)) of

th specal distribution ofturb:lence is related to the lspectral power £ !t.,y (Ili ite, 199;!).

The function f(z) is related to -.,(u) as

U1 ( (%T
Bly inv'erse transform relation, Equation 2.6 becomes

J ( ="~) C z)cos --=-- 1x (2.7)

The primary derivation of the longitudinal correlation function is for a time series.

hi Equations 2.0 and 2.7, time (f) has been replaced using Taylor's hypothesis. Namely,

As n -- 0, then Equation 2.7 becomes

= j f(x)dz M Au (2.S)n-0a .I , 0.' 11)-

where

2.3



Aw~ X. coil)poulen turbulence integral scale

Tfhe microscake (An) is

Dilrerentiating Equation 2.6 twice yields

J",') fo'n2E.(n)dn)(.)

III experimental Wileasurenents of turbulence, the Integrals III Equations 2.9 amd 2.10)

are replacedl by summ~ations ov.er a linite frequicy domain, E.(n) is computed using

Equation 2.ji, and it Is a finite frequency banidwidthi defined as

it = 1 (2.11)

Where

Xt.1 = total saill ple size

= sainiple, tie Initervatl

nhe foregoing a~nalysis is based on a simnilair analysis presented by Cebecci and Smith

(Cebeci, 197.1). lin a similar mianner, the turbulence scales are dcterminecl for anmy other

coordinate direction or interest.

2.2 Turbulenice Intensity Decay

Thi~ decay of turbulence in a free-streain flow is a mneasure of the dissipationi of the

turbulence niicroscale lengths. True dissipation is in the fori of turbulence nmicroscale

growth, where the microscales dissipate their energy by combining with other inicroscales.

Studies by Young and hlan (Young, 1989) and Blair (Blair, 1983a) indicate the microscale

dissipation is related to the size of the turbulence getmrating grid. Blair offers the following

2-4



correlation for dissipation of the turbulence level (Tu )

TIu = 0.78 (2.12)

Equation 2.12 is applicable only where the free-streant turbulence is uniformi. lMlair

determined uniform free-stream turbulence is not reached until approximlately tell grid

tube diameters downstreamn or the turbulence generating grid; therefore Equation 2.12 is

only applicable for f ?: 10.

The studies of Young and Han, found excellent agreement with Etquation 2.12 with

lhe jet-grid place in the flow, but Willi no iutkction. Willh secondary flow injection through

the jet grid, the turbulence levels were ge-nerally higher than those predicted by 1Equitlun

2.12. 'rte dissipation of the integral scale was not correlated. lin a turbine cascade wind

tuitel, the turbulence decay has not beent correlated.

2. 1 Laina~ur /Ica( Theusftr oil a Surfact with n Presurc cGuiziein

Lamiunar hie-it transfer for flow over a consta.a.teunperat tre body of arbitrary shljue

is developed.

Th'le rate of growth of any thermal boundary layer thickness Al, is a functiun or

local parameters only (Eckert, 19.12).

(~j f dl'c
ds (Ah* t 14% , 00)

where

U10 free-streant, velocity onl the boundary layer edge

S= the distance along the surface of the body

V= local kinematic viscosity

Pr =Prandtl number of the fluid

Using the thaermual conduction thickness (6 4 = jwhere k is the fluid thcrunia

conductivity, and ha is the convection hecat transfer coefficient, thenl the variationi of A., is
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given in "ondimensional form as

v dz --f v d's Pr1.3

Assuming the function f is the same as for the family ot wedge flows, then Equation

2.13 is readily evaluated using similarity solutions.

From Kays an.d Crawford (Kays, 1987), for flow over a flat plate and Pr = 0.7,

NuRC.I = ;l

from which

where Ci is a eofliient which depcnds on m, the wedge loaranieter, and 11r. 1t:phoying

lte wedge condition.
e tVx = C.IP

k'a T,

the following expressions are developed,

VL4 d A4
2  1 - it)

A42 dm ,M
1p ds (C,)2 (

hi the expressions above, In is the wedge flow parameter is defrmed as

II M (2.1G)2 -

where ,8. = to the wedge half-angle.

For Pr = 0.7, Equations 2.14 and 2.15 are plotted for the exact wedge solutions.

Smith and Spaulding (Smith, 1958) propose a linear fit to the wedge flow solution
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Wei

It t

l;wire 2.2. \\'tde flow s oluton for a !amimr houmhdry lyer, (Ray. 19-K71

e shown in Figure 2.2 of the form
I dGS - 2

1E. toati 2.17 6s lilgruted :d reduced to

A[$ ".

NOtills A4 7=1, Equationi 2.1,R is put into th~e form, of a Stanton n;umber (-S/1.

P~r =0.7 is assumed.

-5 = OA IS (2. 19

Where
/I = local viscosity

p = local fluid denlsity

F.quation 2.19 provides a useful method for calculating the lainar 
heat tranfru a
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two.dimnesional body. Application of the laminar heat transfer theory to the turbine hl;ulk,

Is necessarily rtitricted to those areas along the blade tlat exhibit laminr or laminarliko

low conditions.

2.4 llnat Tranvsfer (m am Ai,,ncfrie Body trith Arbitmry C'arying Frtce.rcmnui IVocI t

ad Surface Ter,.vtnrt¢

Prediction of surface heat transfer for a turbine blade has bten suggk-ted (Ainbrok, 19.71

to include the arbitrarily varying pressure gradient on an axisymmetric body with a tur.

bulett boundary laver. The model does not account for complex flow phenomena, such

as a secondary vortex core, or laminar separation bubblvt that may he present within a

turbine cascade.

For a constant surface-emperature, constant, free.strami velocity, 1h Stantot n11m.

ber may he expremsed in the forn

St (2.2))

where

C = a coelficien.

le,-" = Heynolds number based on surface

distance , raised to the -it power

The energy integral for a flat plate is given as

St= d A2  (2.21)

where

A2  enthalpy thickness

Substituting Equation 2.20 into Equation 2.21, and integrating yields

62 = C s- .,,( -. )(2.22)

where
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= the local freestream velocity

t = local kinematic viscosity of the fluid

Equation 2.22 is substituted into Equation 2.20'to give the Stanton number as a function

of the Reynolds number with respect to A2 rather than s.

St = -- (2.23)

Equation 2.23 does not presume any previous history of the turbulent boundary layer oil

the surface.

For turbulent boundry layers on a Ilm plate, from (K;tys, 9,97)

C' = 0.02SVIr "0 .4

and

i = 0.2

Pr = Pr:tndil number of lhe fluid flow

Evaluation of Equation 2.23 using time given values of C' and 11 give

St = 0.0125Pr'°nc.,O.2 (2.2)

li order to evaluate the local surface heat flu.< in terms of the local surface temper.

t ure difference. the integral energy equation is used.

,,.. ,Ud. (2.25)

where

9 1 = heat flux per unit surface area

CP = specific heat at constant pressure

POO = local free.stream density

7/0 = local free-stream temperature

= local surface temperature

R = axisymmetric radius
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S V( - q (2.2

then Equation 2.25 may be algebraically manipulated into the form

-  , - )-d. = d -Th)]Td (2.27)

where

i = local fluid viscosity

Equation 2.27 may be integrated directly if we assume at the stapnation point U = 0

where s = 0. Using Equation 2.26 with Equation 2.27 gives

St = 0.027Pr "0'4  R°'N - (2.2-)

where C' and n are the same numerical values previously proposed.

For the turbine blade, It is a constant, and pc is relatively constant ror low Mach

numbers. Equation 2.28 is further simplified for the above conditions as

St = 0.02871'r-
0 4  (11, - TO) 0 . 10.2

f (S. - .. 2 UdS]0.2

Equation 2.29 may be evaluated for turbulent flow over an axisymmetric body with a

pressure gradient. Others (Kays, 1987) have found Equation 2.29 to be in good agreement

for a variety of applications, including turbine blades. However, it fails badly for strongly

accelerated flows where h > 1 x 10- '. K is defined as the acceleration parameter

K = v dU, (2.30)
KU2 ds

For very strongly acceleratc-4 flows, K > 3.5 x 10- 6, the entire turbulent boundary layer

begins to relarninarize as the viscous sublayer thickens, engulfing the entire boundary layer

(Kays, 1970); hence, this theory no longer applies for this condition.
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11 1. EXPERIMENTAL APPAAATUS

EX PERIM ENTAL I A PPA URNUS

3.1 Turbine Cascade lind Tunnel

Testing was conducted in a large scale, low-aspect ratio, linear turbine cascade wind

tunnel shown in Figure 3.1. The facility is owned by the Air Force Institute of Tecinology

(AFIT) Aeronautical Engineering Department, Wright.-Patterson AFB, Ohio. Specific

tullnnel dimensions and tunnel flow characteristics are listed in Table 3.1. The wind tunnel

is a draw.down tunnel, powered by a Buffalo Forge, Model No. III, - :15, centrifugal Noi.

The fan was powered at a constant velocity by a 14.9 kW, 2.10 volt electric motor. it

tunnel wind velocity was manually controlled with a series of variable angle inlet vanes

which were set at an angle opposite to the direction or revolution of the fan; hence, tended

to reduce flow swirl normally associated with centrifugal falls.

3.2 Turbine Blade Cascade and 71irbinc Blatic P:-file

A photogralh of the turbine blade cascade test section is shown in Figure 3.2. 'll'e

turbine blade cascade consists of four geometrically identical turbine blade sections. A

reference plane was arbitrarily established at the leading edge of the turbine blades and

a reference axis system established with the origin in the reference plane. Figure 3.3 is

a schematic of tie turbine blade test section, the reference axes, and the reference plane.

'he Z.axis is into the paper, with Z = 0 corresponding to the point located oi the inside

of the upper endwall of the tunnel. The X.axis was defined in the direction parallel to the

incoming flow incidence angle. The Y-axis lies in the reference plane, at a 134.7 degree

angle measured in a clockwise direction from the normal to the reference plane. The wind

tunnel flow direction was adju, *ed with inlet side boards so the flow incidence angle to the

turbine blade row was 44.7 degrees, as measured in a clockwise direction from the normal

of the reference plane. This incidence angle was chosen to match earlier tests using an

identical turbine blade profile (Moore, 1984c), (Langston, 1977).
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0
Table 3.1. Turbine cascade wind tunnel dimensions and flow param:eters

Vind Tuvencl Dimeoniom, and Flow Paramcters
nozzle dimension 0.536 in x 0.536 m

noneze contraction ratio 11.5:1
nozzle length 1.025 in
inlet height 0.114 m
inlet width 0.218 in
inlet length 0.450 m

test section height 0.114 m
tunnel exit length 0.650 m

tunnel inlet to exit angle 75.00

inlet flow velocity range 42-51 1"
exit flow velocity range 76-93 1

diffuser length 1.922 in
freestream turbulence level 1.26 % **

" Measured at = 15.75, [ 8.00, and = 0.00

Two locations upstream of the reference plane were chosen for placement of the jet.

grid device. The first position (station 0) was at a nonditnensional distance of Z = 15.75

ahead of the reference plane, where z is the linear distance and b is the jet-grid tube

diameter. The second position (station 02) of the jet.grid was at f = 25.67 upstream of

the reference plane. Figure 3.3 shows the position of each station relative to the reference

plane.

The turbine blade true chord was 11,4.3 nn, with a unity chord to span aspect ratio.

Based on the blade axial chord length (c ) the range in the exit Reynolds number (l1ce )

was 3.0-7.0 x 10s. The turbine blade nomenclature is given in Figure 3.4. The flow turn

angle through the blade row was 105 degrees.

3.3 Turbulence Generating Jd-Grid Device

Free-stream turbulence was generated with a jet-grid device. The jet-grid device

allows the user to vary the intensity of freestream turbulence by varying the injection

pressure (secondary mass flow), and by varying the direction of the injection jets. Ad.

ditionally, the turbulence intensity may be varyied through placement of the jet-grid at
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I ~ sideb)oardfree-stream n_ idor

* I

'* I . /

referen1ce.
I Ine iIl

2
sideboard

statio, 02 eferencet

stSttion 02 0

Figure 3.3. Schematic of the turbine blade cascade test section anid reference directions
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Figure 3.4. Tuirbine blade section
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Table 3.2. Jet-grid injection device specificationls

Je-Grid Spccificaf ions_____
number of tubes 10
tube spacinK (center to center) 25.40 nm
tube outer diametter (b) 6.350 inn
number of injection orifices/tube 7
total number of orifices 70
sinallest orifice diameer 0.66 m
medium orifice diameter 1.32 mm
largest orifice diameter 1.98 mm

diffrent stations relative to the test section. PNevious studies on flat plate surface hmeat

tramnsfer have employed such a device withm remarkable success (Younmg, 1989). Tite jet-grid

device employed by Young a.nd Ilan (Younig, 1989) was limited to secondary flow injectiont

in a downstream or upstream flow direction.

This study used a jvt-grid device consisting of ton vertical aluminum tubes withm a

series of evenly spaced orifices drilled along thme longitudal axis of each tube. The tubes

were placed directly into the freestream flow through the wind tunnlel enidwall. Thle wind

tinmnel endwall was drilled to accept the tubes. Each tubhe was secured in place using a

simple holding bar attachmed to thme outer surface of the cudwall. Each tube was blocked oil

one endl, with thme other endl attached to flexible tubing. Figure 3.5 shows a lphotograp~h of

the jet-grid dlevice and Tfable 3.2 lists specifications of the jet-grid device.

Three primary injection directions were used during this study; streaniwise with the

free-stream flow, r erpendliducar to the free-streamn, and opposing the free-stream, and were

designated throughout this study as co-flow, cross-flow, and counter-flow, respectively. A

schematic of the jet-grid injection directions is given in Figure 3.6.

All feeder lines to the jet-grid were attached to a pressure manifold which allowed

even distribution of the secondary flow to each tube prior to injectioni. The injection

pressure was measured with an Endevco, Model 1675-2A, 685,000 kPa differential pressure

transducer, centrally located along time length of the manifold. A single (2.541 cm inner

diameter) high pressure air line was attached to each end of the manifold. The incoming
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Fig-ure 3.5. Jet-Grid injection device
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co-flow cross-flow counterollow

Figure :1.6. Schematic of orifice injection directions

;Or was triplc-filtered and dried usiga sim1ple mnechanical air-moisture separator. Filtering

or thme air w;as necessary for p~rotection of thle hot-wire probe and to prevent contamination

or thle hot-wires and the surface temperature test surface. Two separated sources of high.

pressure air were needed to p~rovide adequate mass flow through the larger diameter orificei

anmd Illaillnin a steady injctiomnanifold pressure. The p~rimnary air source was low-volmn'.,

high-pressure shop air; the secondary air source was high-volume, pressurized air from anl

Ingersoll.Rand, Modlel 54E' 9, three stage air compressor, with a 1,200 liter primary storage

tank and a 4,000 liter secondary dump tank.

3.4 Hot-11Wirc A znmometers

Instantaneous local velocity was measured using a Thermno Systems Model No. 100

(WFA.100) !ntelligil Flow Analy.-er, constant-temperature anemometer controller andl a

Thermo Systems, Model No. 1240-T1.5, serial no. 7713, X-type tungsten hiot-wire probe,

also called anl .- wire probe. This X-wire was a cross-flow type probe which allowed entry

into the wind tunnel from thme endwall with minimum interference with thle free-stream
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flow. The probe has two 0.0038 min diameter tungstei wires, offret frot each other by

approximately 90 degrees. The tungsten hot-wire probe was choseni over more durable

hot.fillm probes because of its excellent frequency response to turbulence ill the flow. The

exact interwction angle of the hot-wires was measured with a microscope. Each hot.wire

output signal was amplified and filtered using the Thermo Systems, Model No. 158, Signal

conditioner prior to input into the high.speed data acquisition system.

3.5 Surface Prcssure Test Surface

The surface pressure test surface was an aluminum turbine blade instrumented with

23 static pressure ports. The leading edge static pressure port was located at 37.8 percent

of the span. The trailing edge static pressure port was at the 60 percent span position.

Reinaining pressure ports were on the imaginairy line extending front the leading edge

pressure port to the trailing edge pressure port on both, the pre.sure and suction surfaces.

This staggered distribution of static pressure ports was selected to alleviate some of the

effects of leading orifices disturbing the flow on the turbine blade surface prior to the

static pressures being measured by subsequent pressure taps. Tile pressure port taps were

connected to steel tubing which extends through the plexiglass eudwall of the wind tunel

test section. Each pressure tUp was connected to the Scanivalve 48 port selector with

flexible plastic tubing. A 6.89- kPa differential pressure transducer measured the st:suic

pressures at each pressure port ott the blade. Figure :1.7 is a photogragh of the surface

pressure instrumented turbine blade. The staggered distribution of the pressure taps is

visible along the pressure surface in this figure. The location of each pressure tap in terms

of a nondimensional chord length ( L ) and a nondimensional surface distance ( I ) is

given in Table 3.3. The distance along the surface of the blade from the leading edge of

the turbine blade is s; c is the turbine blade true chord length.

3.6 Heat Transfer Test Surface and Thermocouplcs

The heat transfer test model was constructed of an expanded urethane foam core

with a stainless steel foil surface wrapped around the exterior of the foam core. The test

turbine blade surface was heated by passing an electric current through the stainless steel
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Table 3.3. Location of static pressure taps on the turbine blade

pr .n Fl o. c " prcssunc surfa ce (P .
€ c ~uction, surface

1 1 0.01739 0.0000 _

2 0.06522 0.08772 ps
3 0.1244 0.191 P$
4 0.1913 0.3245 PF
5 0.3146 0.4.174 PS
0 0.4365 0.61Ml PS
1 0.6000 0.8026 pt
8 0.7687 0.8974 P"
9 0.8522 037X6_3 is
10 0.9235 1.0290 ps
11 1.0000 1.1815 ps
12 0.9026 1.1167 ssV
13 0.7013 1.00881 $Jk
1.1 0.0670 0.9035 ' _ S

15 0.5817 0.$02G ,C5
10 0.,870 0.6971 55

17 0.:I5'2 0.G.10.1 SS
Is 0.3322 0.5252 ,S.S
19 0.2191 0.3991 s.C_ _

20 0.1078 0.2737 $S
2! 0.03565 0.1298 ss
22 0.0000 0.07160 s_
2:1 0.008696 0.0395 _s

True chord c = 114.3 mn
Pressure tap no. I = leading edge port
Pressure tap no.s 2-10 = pressure surface ports
Pressure tap no. 11 = trailing edge port
Pressure tap no.s 12 -23 = suction surface ports
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Figure :.7. 'Turbine blade instumented for surface pressure measurements

foil. A 50 amp, 2.5 volt DC current was needed to drive the temperature of the turbine

blade test surface high enough to provide a measurable temperature dillerence between

free.streant flow temperature and the blade surface temperature. The urethane core was

cast from a mold of the pressure instrumented turbine blade in order to assure identical

blade geometry with the pressure test surface. A small amount of the outer surface of the

urethane foam core was removed to accept the stainless steel foil and maintain the proper

blade dimensions. 'hte dimiensions of the stainless steel foil were 2.5.1 x 10- mm thick.

263.2 mm in length, and 110.0 mn ill width. The width of the stainless steel foil was :1

joi less than the span of the foam core in order to prevent an electrical short between the

electrically heated test surface and the tunnel endwalls. Copper bus bars were attached to

each end of the stainless steel foil, then the foil.bus bar assembly was glued to urethane

foam core turbine blade using unexpanded urethane. The foil surface was continuous from

one bus bar on the pressure surface trailing edge to the other bus bar on the suction

surface trailing edge. The stainless steel foil was not connected at the trailing edge. A

5 mm section of urethane foam separated the bus bars and prevented electrical contact

is of the bus bars. Figure 3.8 shows the turbine blade constructed for surface heat transfer
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Figure 3.8. Ilkat transfer test turbine blade

tests. Tile copper bus bars extended beyond thle span of tile turb~ine blade in order to pass

through the plexiglaiss wind tunnel endwall. TIhe test turbine blade was secured within thet

test section with two bolt passing through each endwall into tile side of tile turbine blade.

Metal inserts were pilaced within the urethane foam: core to support thle atta-chmnent bolts.

Temperature was ineasu red using 23 iron-constantan ('r3*jpe 3), 36-gpage therniocou.

ls attamchedl to thle uinderside of tile foil surface. Along thle interior of the foam blade, ive

Type J thermocouples were placed along thle camber line and directly in line with the sur-

face thermocouples. Thle interior thermocouples were usedl to account for heat conduction

into the turbine blade. Each thermocouple was calibrated for temnperature sensitivity and

accuracy using anl ice bath. The accuracy of thle thermocouples was ± 1 degree Celsilus.

Each thermocouple was attached to thle stainless steel foil using a low-current arc welider.

A smnall amount of silver-tit,, Snt 63, solder was applied at each thermocouple contact with

tile steel foil for added support of thle thermocouple. The thermocouples were located onl

the heat transfer test turbine blade at the same position as the pressure port taps wecre

located on the surface pressure instrumented turbine blade. Thus, Trable 3.3 gives thle loca-

tion of the thermiocouples for the heat transfer test turbine blade as well as the location of
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the pressure port taps on the surface pressure instrumented turbine blade. Thermocouples

in the interior of the turbine blade were numbered as 24.28, front leading edge to trailing

edge, respectively. During the final construction phase of the turbine blade, three ther.

mocouples, numbers 1, 2 and 24 were broken and remained inactive throughout the tests.

All other thermocouples remained active. All thermocouple leads exit the turbine blade

around the quarter chord point and pass through the tunnel endwall. Each thermocouple

lead was connected to the high.speed data acquisition system.

I.7 Inftuimctotioe

A block diagram of the instrumentation control is shown in Figure 3.9.

A lewlett.Packard Iligh.Speed Data Acquisition System, Model No. 11138,2A, con.

trolled the majority of instrumentation used during the experiment. The )1P3852A is a

ntai frame with a 16-1bit processor and 2 megabyte internal memory bufrer. 'The backplhne

is configured for separate component inputs. The following components were used during

this Study:

(1) IIPI,1701A, Integrating Voltmeter.

(2) II)417021, lligh.Speed Voltmeter.

(3) 1I1,1171 :, lligh.Speed FE' 1 Multiplexer.

(4) 1111i,1728, Relay Actuator.

The Integrating Voltmeter sampled pressure and temperature signals input to the

lligh.Speed FET Multipexer. A second Jligh.Speed Fet Multipexer was used in conjunction

with the Iligh.Speed Voltmeter connected with a dedicated ribbon cable for high.speed

sampling rates (100,000 signals per second per channel). The high.speed sampling rates

were necessary in order to digitize the hot-wire probe output signals accurately. The Relay

Actuator controlled the Scanivalvc drive motor and the power supply used to heat the

stainless steel foil surface of the turbine blade.

A Zenith 2,18 personal computer with a National GPIB, IEEE.ISS, internal interface

0
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board was %tied to control thle mainframe and transfer data to floppy dlisk for permanent

storage. All data acqluisition software was written uasing Microsoft QuickflIASIC.

Measurement instrumnentation used liy be classified as pressure ineasuient devices,

turbulence measurement devives, and temperature measurement devices, and are discussed

as follows.

The wind tunnel free-stream total and static pressures were measured with a K. k. E.

Con.pany, 0.63 cmn U-tube manometer, using distilled water as a pressure indicator mediumn.

A Scanivalve 11, 48 port driver motor with a 6.895 kVa differential preisure transducer was

used to measure surfa&ce pressurei on the turbine blade. rhe jet-grid injection antifuld

pressure was ineasurcd with an Eiidevco, Model 1075-2A, GS95 kPa pressure transducer.

Each pressure transducer output signal was calibrated for pressure using a known appliedl

paressure. Calibration equations were entered into the high-speed daita aquisition system

where pressure transducer output signals (volts) were converted to pressure units (kPa)

ind transferred to permanent storage on a floppy dlisk.

Turbulence measurements were miade with thme Thernio Systems hmtelliyecmt Flot- Ano.

Iypciu; 11A. 100. lhot-wire probe omtput signals were amplified and fillted using the Thernio

Systems, Model No. 158, Signal Conditioner. Each hot-wire probe was calibrated for flowv

speed and angle. Temperature calibration of the hot-wires was not performed. Instead, thle

hot-wires were recalibrated for angle and velocity calibration when the ambient tempera-

ture variedl more than 5 (degrees Celcius front the temperature of thme current calibration.

Appendix C lists the hot-wire calibration procedure. All hot-wire signals were readl by

thme lligh.Speed Voltmeter and stored into the data acquisition system memory buffer, and

later transferred to floppy disk for permanent storage.

Temperature was measured using iron-constantan (Type 3) thermocouples. The

high-speed data acquisition system converts thermocouple voltages to temperatures using

an internal ice-point. A single Type 3 thermocouple and an Omega Digicator was used to

visually indicate the free-stream temperature.

A Hlewlett- Packard, Model No. 11P6727, 100 ampere, 20 volt D)C Power Supply,

0 supplied a continuous DC current through the stainless steel foil surface of the heat transfer
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test turbine blade. The current was measured with the power suipply ampere guae. A 34

place, lewlett-Packard Digital Multimeter was used to measure the icated blade resistance

and the power supply voltage.

0
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I 1". EXI'EIIAIENTIA L PROCEDUJIES A ND DAT'A IEDC'J'ION

4.1 Turbine C'ascade Test Section Parnincrs

Trito flow within the wind tunnel was adjusted to match equivalent test conditions

studied in earlier tests performed on the Salle turbine Miade profile (Moore, 198S1c). The

primary areas of concern are tile cascade inlet, cascade exit, arid thle wind tunnel flow

speed, e.g., the exit Reynolds number.

4. 1.1 Frce-Strcartz Flout hIlt hIcidcrice Anrgle anid V'elocity Profile Tite free-st rean

flow incidence angle was measured along thle spatn of tile Wind tunlnel using tile following

ptro cedutre.

A dual passage pressure ptrobie was inserted into the inlet of the wind tunnel. The

passages of the pressure probe were connected one to each side of a U-tube water manone-

ter. Water or any fluid of similar density giv e excellent sensitivity to pressure dillferences

exerted onl either side of thle probe. Thle pilot probe was rotated along thle tunnel 'A-axis

until thle differential height of thle manometer was nulled. The corresponding flow incidence

angle was read from anl attached protractor to within :E I degree. Thto flow incidlence angle

was set. to the dlesire(] valuie using adjustable inlet side hoards. D~uring thle present study.

tile flow incidence angle was adjusted to 4~4.7 degrees measured from tile reference lane

to the incoming free-stream velocity vector. See Figure 3.3 for thle layout of thle test sec.

tion geomietry. Results of three traverses at three 'A-wxis positions are presented in Figure

4.1. All traverses were at time same position up~stream or the reference plane (~=17.6,
b. = jet-grid tube diameter (6.35 min)). The results of Figure 4.1 represent thme optimum

flow conditions after thle inlet side boards were adjusted. From Figure 4.1, it canl be seen

the flow incidence angle was not comnpletcly uniform; however, tile largest deviation fronm

desired incidence angle did not occur directly ahead of thle turbine blade cascade section

where surface pressures and surface heat transfer were measured.

The speed of the incoming flow was measured for uniformity along thle span of thle

cascade. A 1.6 nim diameter pitot p~robe wa!, inserted into thme flow, andi time flow speed

was measured] using a U-tube xnanompter. Tme speed of thme flow was computed using thle
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Fiiure ,1.1. T' rhine cascade flow incidence angle. Measurement station: =5.5

lernoulli incompressible flow equation.

where

P0  = free.stream total pressure

PC = free.stream static pressure

PC* = free-stream air density

U10 = free-stream flow velocity (speed)

The quantity poUo2 is the dynamic pressure and is denoted as q,. Manipulation of

Equation 4.1 gives

u0 = [I( 0...p)] (4.2)

Figure 4.2 presents the results of a typical traverse along the span of the wind tunnel

0 inlet. The free-stream flow speed exhibited the same trend as the flow incidence angle

results presented above.
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pFigre 4.2. Free.stream flow velocity along the inlet spaI

Table ,1.1. Wind tunnel inlet boundary layer Measurements

tunincl surfacc Z~ I boundary layer
I _____________1 j ~ ihickness c'uini)

side Woard 17.5 20.1 8.0 15. 6
side board 17.5 22.AI 8.0 ,4.0
end wall 17.5 0.0 0.0 3.5
end wall 17.5 0.0 118.0 11.1

The boundary layer along the inlet side boards and wind tunnel end walls was iea-

sured with the pitot probe. Boundary layer measurements for the turbine cascade wind

tunnel inlet are presented in Table ,1.1.

4.1.2 Free-Stream Flow Exit Angle and Velocity Profile The flow exiting the turbine

cascade was measured for periodicity of the flow. The flow exit speed was approximately

85 mi/s (average). At this speed, the flow angle probe used in the inlet incidence angle

measurements was overly sensitive to any fluctration in the angle of incoming flow; hence,

flow exit angle was not measured. Rather exit speed was measured with a pitot probe for
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Figure .1.3. Exit velocity profile of turbine cascade wind tunnel

periodicity. The exit speed was found to be periodic, with slowed flow regions imnmediately

behind the trailing edge of the tur)ine blade. From Figure .1.3, the flow speed varied from

63.0 tn/s along one side of the exit section to 91.3 in/s along the opposite side of the exit.

Results are given for a single traverse at a selected station (= -32.0, 8 .0). The

wake of turbine l)lades 2 and 3 are readily apparent as regions of slowed flow. Although

the !low exit velocity is non-uniform along the span of the tunnel exit, in the region of

turbine blade 3, where blade surface pressures and surface hteat transfer was measured, the

exit velocity was nearly uniform (except in the wake),

Neither the flow exit angle nor the flow exit speed were adjusted in this study.

Although specific flow exit speed profiles were not presented by Moore and Ransliayr,

they conclude the exit flow exhibits a "strongly nonuniform spanwise distribution of losses"

(Moore, 1984c). The word "spanwise" as it was used by Moore applies to the span of the

turbine blade, not to the span of the cascade test section. It is likely flow exit conditions

exhibited during this study were similar to exit flow conditions of other liear turbine

cascade studies.O
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4.1.3 Inlet and Ezit kyriold.s Number Variation The free.stream velocity increa.ed

dramatically as the flow passed through the turbine cascade. Some portions of the exiling

flow were over 100 percent faster than tile incoming flow. Tile exit Reynolds nunber (Rcj)

was chosen as the free-stream velocity figure of merit for this study. The exit Reynolds

number is defined as
U.c (4.3)

where

UCO = exit free-stream velocity

c = axial chord length of the turbine blade

t,/C"= exit free.stream kinematic viscosity

As discussed in the previous section, the location of the measurenent of the exit flow

velocity was critical since the exiting flow velocity profile was highly nomniform. The flow

exit velocity was measured in the geometric center of the tunnel exit. The station location

was =-32.0, 2.1.0, and 8=,.0.

The exit Reynolds number for this wind tunnel varied from 3.9-5.2 x 10s . All tur.

bulence and heat transfer neasurement* in this study were mate at lec - , x 10.

4.2 'Turbine llhel Su'facc Prcssult

The pressure coeflicient (C, ) on the turbine blade is computed as

CP - l10 .c= (4.4)

where

P = static pressure onl the turbine blade

P., = free-stream static pressure

q00 = free-stream dynamic pressure (t-2-)

The turbine blade static pressures were measured with a differential pressure traims-

ducer. Static pressures along the surface of the instrumented blade, the free-stream total

4-5



0
pressure (P0 ), and free-stream static pressure were scanned using the ,48 port Scanivalve

port selector. Pressures were read into tile Hewlett-Packard data acquisition system as

voltage signals. Each static pressure signal was sampled 400 times, averaged to a single

value, then the average output signal was converted to a pressure using an internally stored

calibration equation which was previously determined for this specific pressure transducer.

The coefficient of pressure was computed using Equation 4.4. Subroutine PRESS.IB4Sof

MAINDRV.BAS listed in Appendix E automated the aforementioned pressure measure.

Inenlt process.

4.3 idt-Grid Injection

The jet-grid was introduced into the free-streai flow at two upstream stations. The

stations were denoted as station 0 ( [ = 15.T5); and as station 02 ([ = 25.67). The upper

end wall of the tunlel was drilled to accept the jet.grid tubes. Flow was injected as either

co.Ilow, cross-flow, or counter.flow, at a pressure range from 70 kPa - 310 kPa, depenfflg

oil the test being performed. Tables 1.1 and 1.2 lists configurations tested.

Secondary flow was slowly introduced to the jet-grid pressure distribution manifold

until the desired pressure was obtained. Filtered shop air (6.55 x 101 kPa) provided the

primary feed flow to the pressure distribution manifold. A pressure regulator maintained

constant flow pressure. Dist.:bution manifold pressures were measured with an embedded

6.985 x 100 kPa pressure transducer and pressures were recorded by the llewlett-Packakrd

data acquisition system.

The larger diameter orifice tubes required a second source of feed flow. An Ingersoll.

Rand three stage compressor with 5,200 liter storage capacity provided a second source

of high-volume flow. During the highest demand for sccondary flow, a steady injection

pressure could be maintained for approximately 2 minutes, using both feed sources of

secondary air flow.

The injected air flow temperature differed from the free-stream temperature by as

much as z 4 degrees Celsius. For computations involving the free-stream temperature,

4
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the flow temperature was measured downstreamt of tile jet.grid. hleat tranisfer calculbtions

were based on the Imixed" flow temperature.

4.4 Timc Discretc Vclocity and Turbutcnce Intensity

The time discrete velocity of the air flow was measured using an X-wire probe. 'he

X.wire selected was a Thermo Systems Model No. 1240.TIS. This hot.wire anemomter

used a pair of 0.00508 nn diameter tungsten wires which offered excellent response to

fluctuations in the flow and allow measurement of turbulence nicroscale lengths on the

same order of magnitude as the wire diameter. A brief discussion of the velocity equations

antd the turbulence equations used itt this study follows. Appendix C gives further details

on the calibration of the hot.wire probe for velocity/turbulence measurement.

Tile geometry of the hot-wires in norual configuration is showi, in figure 4.. This

is the same geometry assumed for calibration of the X.wire probe. From Figure .4I

e2 = 1 - b, - (I6

If we let a = Z - b,, then , and 02 ,a'Y defined as

= a-+f(4.7)

The effective velocity each hot-wire measures is defined for each wire as

U,1 2 = Uoo 2(cos2 el + k, sin 2 9,) (4.9)

U2t;. 
2 = Uoo 2(cos2 02 + k2 sin2 02) (4.10)

Note Equation '1.9 and Equation 4.10 represent two equ.tions for two unknowns, namely

4
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wireQ

71i4

U = local flow velocity vector
It, wt2 = WVire I and W\ire 2, respectiv'ely
B, = X-wire bisector

bl -- angle sulbtended by B and either X.wire
S= angle subtented byv U" and Bt
7 1= normal to W1t

112 = normal to W2~
a, = angle subtended by U.. and nj
82 = angle subtended by' U,. and n2

A= angle subtentded by' B and the reference X-axis

Figure 4.4. Geometry of" X-type hot-wire probe - End flow, normal configulration

4
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t and 0. Solvln Equations 4.0 and 4.10 for Um2 yields

COS2 9, + k, $Il2 l O 2 92 + k siAn 9-2

From Equations 4.5 and 4.6, 91 and 02 are recognized as complementary angles.

hlence, coS2 02 = sin2 01 and sin' 93 = co12 91. Substitution of these values into EVuatioii

4.11 yields with sonic manipulation

Ll.,,11 (coi 2 92 + k2in' 2 ) = U2,11
2(sinl 02 + k eos2 3) (41.12)

)ividing Equatioll .. 12 by COS 2 0 and solving for 02

1,1 (1 + k2 tan' 93) = U381
2(tan2 92 + k)

tail 92(U,,,12 .- - L12,112) = (12,11'k, - U1,,11

tail, 02 3 U2 "l 2 k , . ,2

092 = alI (212,VU

( 1 ,11" --411 ;[(!,+.,,+- U3, , J]
e. u, L\v< ''- - ;- I} (.1.1:;)

Combining Equation 4.8 with lEqu:ttion .1.13 gives

fl-n'( U1, 2 k, - U,, 1
2ye,,- (,2u ) '..,)0 =o -tai" U1,,12' U+,.'}

The correct root of Equation 4.1.1 must be determined from the geonletry of the flow.

Froi Figure 4.4, a clockwise rotation from the bisector (B) defines a positive incidence

angle (0). This specific flow geometry is labeled case 1. Case 2 defines a counterclockwise

rotation from the bisector with a negative incidence angle (-/3).

In case 1, Ull ! > U2 ,q1

In case 2, I12e., > Ulel 1

The terin within the parenthesis of Equation 4.14 represents the physics of the imci-

cdence angle of the flow as it approaches each wire. The incidence angle of the time discrete
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velocity vector indicates the terni wit hin tile parenthesis of Equation 1.1.1 must be positive

if rsl; > U2,11 and negative if (U21 1 > U,111. Equation 4.1.1 is rewritten to include the

physics of the flow and account for the two roots of Equatiou ..1..

p= (- ta,," " k - 2 ,)//]

where

soii = +1 if U1,11 > U2,,1

= if U1,11 < U2.1

Equatioll -1.15 is solved at each time step. The X.wire calibration equations provide
L',I and C.11 during each sampling interval, and is k'aown for each X.wire; therefore, 3

is computed for each time step. 1-quations -1.5 and .1.6 are solved for 01 and 2 at each time

step, respectively. Equation .1.7 or Equation '1.8 is now solved for Uc.: at each time step.

li essence, the time discrete local velocity is determined, where both angle and magitude

of the local flow is known at each time step.

If N velocity measurements are made by the X-wire probe over a finite time interval.

then the time discrete velocity is decomposed into local velocity components, u and v, for

each time Step i.

= Uo, cos(lj - A)

V;= U, sin(13i - A) (,I.1)

where

A = the angle subtended by the X.wire bisector and

and the wind tunnIel reierence X.axis. Positive

A is in the same, sense as positive

The mean velocity components are given as

4 ' (1.17)
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r-N

The fluctuating velocity components, u' and u', are defined for each time step, i, as

ut = u, - U (,I.19)

V1, = Vi- U (4.20)

Thc root-mean.square of the fluctuating velocity components, are given as

7 = \(t,.21)

Tito z. and y.components of turbulence, Tu and Tu., respectively, are defined as

l1U

Tug(%) = . iOO (.1.0:0)

100%r,()= 1.00oo (4.2.1)

where

V = the vector sum of +" +

Tite consolidated turbulence (Tu) is computed as

= (Tu2 Tuy2 )1 (1.25)

4.5 Turbulence Integral Scale and Microscale Measurements

The turbulence integral scale and microscale lengths were determined from the time-

discrete local velocity measurements. The method of analysis follows the turbulence scale

discussion presented by Cebecci and Smith (Cebeci, 197'4). All turbulence scales were

resolved to the tunnel reference coordinate axis.
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The X.component turbulence integral scale (A,,) and the Y.component turbulence

integral scale (A,) are computed as

Am-li,,, (Ur -L )) (4.26)

A,,- ,. ( !_E'(1) (4.27)

where

it = turbulence frequency

tk it) = X-couponent turbulence power per frequency bandwidth

V, j(i) = Y.component turbulence power per frequency bandwidth

The limit is taken as the turbulence frequency (u) approaches zero.

The X.coiponent of turbulence nicroscale (Au) and the Y.component of turbulence

inicroscale (Au) are determined as0
AU= w,2-) 3f0 (4.28)

,-, 2, f .g-.1,1 n .,(,,dn i'tO

'\ = ~ rrznE(~n (4 .29)

where

nona. = highest measured frequency of the turbulence

The turbulence power per frequency bandwidth was determined from the Fast Fourier

Transform (FFT) of the fluctuating velocity components (u' and V'). The highest frequency

of the turbulence used for the inicroscale calculations in this study was arbitrarily set at

19,000 lIz. This cut-off frequency eliminated a spike in the FFT data at 20,000 Ilz, which

was attributed to instrumentation noise. In addition, during the experiment it became

apparent the physical limit of turbulence frequency in this tunnel was around 15,000 Iz.

The magnitude of the frequency components is nearly zero for frequencies beyond 13-15,000

liz.
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A program, TUBAT./AS was written to compute the turbulence integral scale

lengths and microscale lengths. Program TUBAT.BIASis included in Appendix E.

4.6 Surface lcat Trvznfcr Acasurement

4.6.1 Turbine Blade Surface Tcmpemture Atcasurcnicnt The heat transfer test tir-

bine blade was heated using the external power supply. A 50 amp current, at a potential

of approximately 2.5 volts was conducted through the stainless steel foil surface. The tur.

bine blade was allowed to come to steady state conditions. The steady state temperature

condition on the blade was reached in approximately five minutes. During this time, tie

temperature of' 1je blade was constantly monitored by the I11P3852A Data Acquisition Sys.

term in order to prevent overheatitig of tile turbine blade surface. Overheating will cause

the underlying urethane foam to out.gas and separate the foil surface fromu the urethane

core.

Once steady state conditions were reached, the 1IP:1852A Data Acquisition System

read each thermocouple voltage and converted the voltage to temperatures. A single scan

of the thermocouples was completed by the llP3852A in less than 0.3 seconds. Prior to

making a temperature scan of the thermocouples, the external power supply which heats

the turbine blade surface was momentarily shut off; otherwise, the current would short

through the thermocouple leads into tile FET multiplexer and damage the FEI'T junction.

After reading all thermocouples, the 11P3852A turned the power supply back on. The

entire process of turning the power off, reading the thermocouples, and turning the power

supply back on, was completed in about 0.5 seconds. A change in the turbine blade surface

temperature was not detectable until 1.3 seconds after the power supply was shut off; hence

turning the power supply off momentarily had no effect on the temperature measurements.

The temperature readings for each test configuration listed in Tables 1.1 and 1.2 were

stored on disk for post-processing. Subroutine TRUN.BAS of the main data acquisition

code was used to control the lIP3852A during temperature measurements. A source code

listing of TRUN.BASis given in Appendix E.

0
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4.6.2 Stanton ard NuvcIt NuivL.rs on the Blidc The Stanson number (St ) and

Nusselt number (Au ) for the turbine blade surface heat transfer are computed from a

power balance on the turbine blade surface. The turbine blade surface is considered as a

series of adjoining sections. The sun total of all the i surface sections make up the total

surfice area of the heat transfer surface of the turbine blade. At each i th section of the

turbine blade surface, a specific power balance was applied as

I. - I

I, I
I 12 UA

(/oC o ,,i , = 1 . 1%, ,-

0 "Olrd a,,o,, = htcAl ('r, -7)(.

where

(tl'cefrcul , = electrical power input to each blade section

1clcoducdiah = conductive heat loss at each section

= convective heat !oss at each section

qrudintion, = radiative heat Ioss at each section

I = electrical current (amperes)

le = electrical resistance of the total foil surface area (ohms)

kiocin = thermal conductivity for urethane foam (0.026 ')

A; = area of the ith section of the turbine blade foil surface

Li = linear distance from the surface of the blade to the interior

point in the turbine blade where the temperature is measured

T", = section surface temperature

Tint, = internal temperature of the turbine blade corresponding

to each surface area section
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h, = convection heat transfer coeflicient for each section

V = St:-fan.lloltzmann constant (5.67 x 10- W/m • K)

C = emissivity of the stainless steel foil (0.17)

'rhe thermal conductivity value is for rigid urethane foam at 300 K; the einissivity value

is for highly polished stainless steel foil at 300 K (Incropera, 1985).

Substituting the set of Equations 4.31 into Equation 4.30, canceling the section area

(As) from all terms, and solving for hi gives

h- = + i, , - 1';n,)- c (#j;4 (,4.:.J2
+ cn. - /

Usiing h.. the Nusselt. number obtained for each Made section.

kairo

where

s= distance along the surface of the blade from the leading edge

of the blade to the specific thermocouple location within area i

hir, = thermal conductivity of air evaluated at the mean fluid

temperature ( ;,,,, )

= - 0(4.34)

The Stanton number (SI) for each blade section is computed as

Nu4
S -PrRe,,('3)

where

Pr = Prandtl number of air

Rc,, = Reynolds number based on surface distance s
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Table '4.2. Experhilental mea.urement uncertainties

Erperimcntal Reading
variablc range varia(ion unccrtaintyt % )
length measurements - - h 0.50 mm 0.50
manometer (P. - Po) 13.71 cII H20 h 0.13 cm. 0.95
ijlction pressure 206.85 MPa :- 1.379 AIa 0.67
blade surface temperature (T) 38.50 "C *E 1.0 OC 2.60

S/ 27.50 C - 1.0 Q 3.61

1 50.00 amp ± 0.2 amp 0..0
resistance ( R') 0.13 ft 0.001 fl 0.70
emissivity () 0.17 - 1.80

Pr 0.707 0.10
thermal conductivity (k,', ) 0.0263 I/I'mK 0.151
thermal condluctivity ( k o,,, ) 0.026 1'/K - 0.10 1

Staniton and N'usselt numhers were computed from the blade temperatures using

subroutine Ill'N.I)-Sof tie matii dala acquisition program listed in Appendix E.

4.7 EYrpcrimcnlal and Calcdnlcd ilUncertain lies

Measurement uncertainties are are listed in Table .1.2. An example of an uncertainty

calculation for a measurement is shown for the turbine blade surface temperature ( T ).

uncertainty(T1) = 38.52] 2.60%

38.5

Instrumentation accuracy is given in Table 4.3.
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T'Vble 4.3. Instrument accuracvy specificatio2s

Instrument .4ccura.cy _

instrument range uncert:iny ( % )
JIP.I,1701 Voltmeter 30 ,iV 0.010
1111,14701 'oltmeter 3 V O.OOS
111,1.17021) Voltinm.,ter 2.56 V' 0.005
]!P,1,1713 'hcrmocouple ( 7' ) 30 OC 0.333
11P3852A Internl Clock 10 pis 0.75
TSI ll";\D100 5.0 V 0.02
Scaniv;dve transducer 2500 kP 0.86

0
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Using the uncertainties listed above, the uncertainties of calculated 'ariables were

computed. Table 4.4 lists the uncertainties of the calculated variables. A eximple of a

calculated uncertainty is given for the exit Reynolds number ( Rcc ).

A Re, = [(I.o)l + (1.31)2 + (o.s)2J] = 1.72%

Table 4.4. Uncertainty of calculated variables

Calculated Unccrtaintics
rarinblc uncertainty ( % )
p 1.0
it 1.0

Ve 1.31
u 1.60
U1 1.91

0.7
0.7

R1c. 1.72
Tu 2.85
St 4.85

N\, 4.51
Cp 1.28

-Sgtziw- 1.58

9.02
h .. 37
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V. RESL'1.JS AND DISCUSSION

4.1 Effcct of the Jet.Grid on Turbinc BladIc Surface J1resures

The effect of the jet-grid ol the surface pressure distributions was examined for co.

flow, cross-flow, and counterflow injection of the'secondary flow over a range of injection

pressures.

A baseline case was established with the surface pressures measured on the turbine

blade without any turbulence grid installed in the free.stream flow. The surface pressures

are presented as nondinensional coefficients of pressure (C,) along the nondimensionalized

chord (x4c) of the turbine blade.

Figure 5.1 shows the pressure distribution on the turbine blade surface over ; range of
the wind tunnel exit levuols numbers. The surface pressure distribution determinted by

langston (Laigston, 1977) on1 an identical turbine blade profile is included for comparison.

Figure .1 demonstrates tle independence of the pressure coeflicient from the exit Reynolds

numuber. The pressure side of the turbine blade exhibits a stagnation point (C';, = 1) at the

0.7 percent chord. Along the pressure surfauce of the turbine blade, the pressure coellicients

measured compared favorably with Langston's data except near the trailing edge of the

turbine blade. The suction surface pressure coeflicients exhibited significant deviations

from iLangston's results, most noticeably in the pressure distribution measured near the

leading edge of the suction surface. The free.stream incidence angle was the same for both

studies; therefore, this difference in pressure (istribution between the present study and

Langston's results is attributed to the secondary flow effects within the cascade, anld the

actual location of the pressure port taps on the turbine blade.

Studies of others (Moore, 198,c, Langston, 1977) indicate strong secondary flow

effects are present within linear turbine cascades. A strong passageway vortex impinges on

the suction surface and tends to decrease the pressures measured on the suction surface.

The secondary flow effects are more pronounced for low aspect ratio turbine cascade wind

tunnels. The present study used a turbine cascade with a unity aspect ratio, thus secondary

flow effects are expected. Also, because the turbine blade used in the present study was

less than half the size of Langston's model, the secondary flow within a linear turbine
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Figuare 5.1. Pressure (list ributions on the turbine IMade for several exit Reynolds um"ber,.
No turimlence grid inStalled

cascade is expected to have a more pronounced elfect on the smaller scale turbine cascade

aund the t urbine blatde sorface pressures would I) afrected.

For :ll remlainting turbine blale surface pressure meIIasuremlents and pressure coefli.

cientt calculation$, the free.tream total pressure and d .tamic pressure were measured %%itlh

the pitot tube in a different position in the wind tunnel than the position used to measure

the free.stream: total and static pressures for the results shown in Figure 5.1. , elocation

of the pitot probe was necessary in ordir to accommodate the jet-grid device. The new

position of the pitot probe was midway between turbine blades Number 2 and Nuniher :1.

15.0 Inn upstream of the reference plane, and midway between the two tunnel endwalls.

Since the free-stream accelerated as it entered the cascade passageway, the measured free.

stream dynamic pressure (q.,) was greater at this pitot probe location than the free-stream

dynamic pressure measured at the previous location where the results shown in Figure 5.1
were obtained. Due to the different dynamic pressures associated with the two different

pitot probe locations in the wind tunnel, the no-grid baseline pressure distribution shown

in Figures 5.2 - 5.8 is not the same as the no-grid baseline pressure distribution shown in
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Figure 5.1. However, the results shown in Figures 5.1 - 5.8 have the same exit Reynold.

tintber.

'rhe pressure distribution on the turbine blade with the turbulence grid installed at

two upstreaui locations, with no blowing, is shown in Figure 5.2. The pressure distribution

on the turbine blade surface, without the turbulence grid installed, is included for con.

parison. On the pressure surface, the pressure coefficient remained constant. The suction

surface pressure coefficients decreased with the jet-grid installed, especially near the trail-

ing edge of the blade. Subsequent heat transfer tests and comparison to laminar boundary

layer hieat transfer theory ant turbulent boundary layer heat transfer theory indicated

the higher turbulvence intensity generated by the turbulence grid in the free.stream flow

induced a turbulent boundary layer on the suction side which was better able to Ineotiate

the curvature of the suction surface.

The free.stream incidence angles were measured with the jet-grid installed inl the

flow. Fo; the no injection cases shown in Figure 5.2 there was a possibility of some small

incidence angle chauge; however, it was too small of a change to accurately measure.

Incidence angle changes less than 0.75 degrees were within the uncertainty of the incidence

angle ineasurtllents.

Figures 5.3, 6..A. :-and 5.5 show the efrect onl surface pressure distributions on the tur.

bine blade with jet.grid injection in difflerent directions, over a range of injection pressures

( 75-:100 kL1a). The same location upstream of the cascade was used for the results of

these three figures ( = 15.75).

Both co.flow and cross-flow exhibited very little effect on the pressure distributions

on the turbine blade compared to the case with no injection. However, the counter.

flow injection case, shown in Figure 5.5, had a significant effect overall on the turbine

blade pressure distribution. With counter.flow injection, the pressure coefficient increased

slightly over most of the turbine blade pressure surface as compared to the no injection

case (solid line). The pressure coefficient seems to approach stagnaton levelb around €z

= 0.2-0.3. A slight decrease in Cp occurred ntear the trailing edge of the pressure surface

which indicates the flow wa accelerated in this region. Conversely, counter-flow injection

0
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decreased the preisure coeflicent onl the blade suction surface dramatically. The injection

direction was the dominant factor in changing the turbine blade pressure distribution. rho

injection pressurv had less effect on the pressure distribution on the turbine blande thtan

the injection direction. Tile flow incidence angle was measured for this couiter-flow case

and found to have changed from ,11.7 degrees to 43.0 degrees which might account for the

decrease in pressure coefficients on the suction surface. The flow incidence angle for tile

other two injection directions remained at 44.7 degrees. The effect of counter-flow injection

on the secondary vortex core within the cascade passageway is not known, but some effect

is suspected. This area deserves further study.

With the iet-grid placed at the far-upstream location ( = 25.67), the pressure

distributions on the turbine blad, ,.ere similar to the pressure distributions on the turbine

blade with the jet-grid placed at station 0. The effect on the blade pressure distribution

for co.flow, cross-flow, and counterflow injection at this upstream location is displayed in

Figures 5.6, 5.7, and 5.8, respectively. For all three injection directions tested at station 02,

the effect of jet-grid injection ol the pressure coefficient was confined to the suction surface

only. The pressure distributions shown in Figures 5.6, 5.7, and 5.8 are nearly identical.

At this jet-grid position, counter-flow injection shown in Figure 5.8 did not have a same

efrect as counter-flow injection at station 0 shown in Pigure 5.5. This result became very

important during subsequent turbine blade heat transfer measurements.

•.2 T u,'ulc cc Ititcsity alml Dccay

The turbulence intensitv of the free-stream flow was measured for all test config.

urations. Equations 4.23, ,4.2.1, and .1.25 'ere used to comnpute the X-componeent, Y-

component, and the consolidated turhulence intensity, respectively. The turbulence inte.

gral length scales (An, AJ) and turbulence microscales (A,, A,) were computed from the

turbulence energy spectrum of the free-stream flow. Figure 5.9 shows the turbulence en-

ergy spectrum (E.,) as a function of turbulence frequency for the free-stream turbulence

measured along the X-axis without the jet-grid installed (Test XXX). Figure 5.10 shows

the Y-axis component of the spectrum of turbulence energy (E,,,) for the same test. Tile

vonKarman spectrum (Batchelor, 1953) of turbulence predicts a -5/3 slope of the turbu.
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lence energy spectrum if the free-stream turbulence is homogeneous. The -5/3 slope is
shown as a solid line in Figure 5.9. Both the X-axis and the Y-axis component of the

turbulence energy spectrum, Figures 5.9 and 5.10, respectively, were too scattered to draw

any conclusions as to tile fit of the theoretical prediction. This is al indication that the

turbulence was not uniform when the jet grid was not placed into the free.stream.

The turbulence energy spectrum for the jet-grid at station 0 = 15.75) , without

secoudary injection (Test 000), is shown in Figures 5.11 and 5.12. The turbulence energy

spectrum for the jet-grid placed at station 02 ( = 25.67), without secondary injection
(Test 002), is shown in Figures 5.13 and 5.14. With the jet-grid in place at either station,

the slope of the turbulence energy spectrum matched the -5/3 slope very well, which

indicated homogeneous free-stream turbulence was achieved.
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Plots of turbulence energy spectrum for all other test configurations are given in

Appendix B. For all other test configurations, the turbulence energy spectrum was well

correlated to the theoretical prediction. This is an indication of consistency of the turbu-

lence measurement process and the uniformity of the turbulence in the free-streaul.

The results of the turbulence measurements are tabulated in Tables 5.1 and 5.2. Inl

Table 5.1, .he test designators A, B, and C indicate co.flow, cross-flow, and counter-flow

injection at station 0, respectively, In Table 5.2, test designators D, E. and F indicate co.

flow, cross-flow, and counter-flow injection at station 02, respectively. Note the extremely

low turbulence level measured during test A14 as compared to other tests at the same

station and the very lar;e value of A, as compared to the value of A,. The restlts or

Test AI,. are not included in the following discussion of turbulence intensity since sub.

sequent testing indicated the hot-wire probe was not measuring free-stream conditions,

but was being impinged upon directly by a jet of injected flow. Also, for Tests F21, F22,

and F23; tile Y-component integral scales and Y.conmponent microscales were virtually

indistinguishable.

The turbulence intensity was plotted against the jet-grid injection pressure for co.

flow, cross.flow, and counter-flow injection at both stations. Figure 5.15 shows the variation

of turbulence intensity for co-flow injection at both jet-grid locations in the free-strean)

flow. The higher levels of turbulence intensity were measured for the jet grid at station 0

and the lower turbulence levels were measured at station 02. Two conclusions are made

from Figure 5.15. First, the turbulence intensity was relatively constant over the range

of injection pressures tested for co-flow injection for all three jet-grid orifice diameters.

Second, the greatest variation in turbulence intensity was due to the location of the jet.

grid in the free-stream flow with respect to the leading edge of the turbine cascade.

The turbulence intensity variation for cross-flow and counter-flow test configurations

are shown in Figure 5.16 and Figure 5.17, respectively. From Figures 5.15, 5.16, and 5.17,

the most noticable trend is that secondary injection did not have a large effect on tile

free-stream turbulence, with cross-flow injection (Figure 5.16) having the least effect on

the free-stream turbulence of all the injection directions testeu. The results of cross-flow

injection are extremely important in that the same turbulence L vel is maintained over the
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Table 5.1. Turbulence intensity and turbulence scale results for turbine cascade wind
tunnel test configurations-station 0

test Tu Tu. Tuv Au ! AV Au AV
% % % 11MTi tflfl ptfl 11111

XXX 1.26 1.25 1.26 - - -

000 11.8 13.8 9.5 5.578 0.6398 9.056 49.63
All 10.5 11.5 9.4 5.324 0.4494 9.125 45.67
A12 9.2 10.5 7.7 4.911 0.502-1 12.89 71.57
A13 8.9 9.7 8.0 5.472 0.8310 13.58 61.7,1
A14 3.7 3.8 3.5 8.002 4.1610 38.25 82.76
A15 ,'.3 11.5 9.1 5.033 0.4987 8.183 43.99
A21 9.1 10.6 9.0 5.919 0.4833 5.355 30.65
A22 10.3 ' 11.2 8.6 6.275 0.4612 3.727 29.00
A23 10.5 11.5 9.4 6.317 0.4017 3.301 29.15
A2 11.8 w.9 9.2 5.989 0.3381 2.920 28.07
A31 9.6 10.,F 8., i 4.426 0.6-23 6.1,17 38.31
A32 9.5 10.4 8.5 6.]i,3 0.4911 5.149 29.40
A33 10.5 12.0 8.8 6.3,t6 n.,1792 3.061 21.86
A3, 11.2 13.0 .9.0 8.116 °.s 616 2.6,19 24.59
1111 1OA.I I., '- 1 5.376 0.5660 12.86 63.88
1312 10.3 11.7 ; 0.59(6 9.097 51.48
1313 10.4 11.8 8.7 5.t 9 L.6,132 11.92 63.87
1114 10.2 11.4 8.9 5.430 0.7921 11.81 63.40
B21 10.7 11.6 90 15.831 0.5610 8.307 61.03
1122 10.5 11.7 9.2 . -TI2 0.5737 8.036 16.84
1323 10.6 11.6 9. 6.39-1 0.6251 G.713 37.47
B2.1 11.1 11.T 10.5 5.537 0.5571 6.3,17 32.93
B31 11.2 12.3 9.0 5.731 0.5912 8.200 '16.51
1332 10.9 12.9 8.3 5.900 0.62041 9.318 61.79
1333 11.3 12.8 9.6 6.191 0.7573 8.183 16.88

C1 9.4 10.6 7.8 5.268 0.7858 6.283 36.77
C12 9.1 10.3 7.8 5.744 0.6295 6.986 40.74
C13 9.3 10.7 7.6 5.918 0.7264 7.306 43.35
C14 9.3 11.0 7.2 6.998 0.7670 8.640 55.04
C21 9.4 10.8 7.9 6.176 0.65,10 6.540 39.78
C22 9.7 11.0 8.2 6.685 0.;680 6.805 38.51
C23 10.6 12.2 8.7 7.625 0.8916 6.984 45.80
C24 10.8 12.4 9.0 6.909 0.6196 7.914 55.16
C31 9.5 10.4 8.5 6.68i 0.8390 5.8,15 32.66
C32 10.0 11.6 8.2 7.416 0.5433 5.005 32.53
C33 11.6 13.9 8.7 7.390 0.7372 5.433 41.06
C31 11.6 13.9 8.7 7.651 0.7677 6.852 51.46
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'rTble 5.2. Turbulence intensity and turbulence scale results for turbine cascade wind
tunnel test configurations-station 02

tcut Tu Tuz Tuy A, A Ai A,
% % % mn mnm 1m1 11

002 6.5 7.4 5.5 C532 0.7782 39.97 3-13.2
DII 6.6 7.8 5.3 6088 0.6608 36.70 338.6
D12 5.5 6.1 4.8 .r.1V)7 0.61051 54.3.1 136.9
D13 5.3 6.0 ,1.5 5.,1- 0.93.19 51.28 ,,19.4
121 5..4 6.2 ,1.6 6.323 0.7,137 51.3,1 ,106.1
)22 5.4 6.4 41.0 6.691 0.7235 411.60 399.1
)23 5.6 6.7 4.4 6.192 0.6393 36.05 357.5
)31 4I.9 5.5 .4.3 5.328 0.6072 55.78 '137.1

D32 5.6 6.1 ,1.9 5.659 0.733 :19.92 291.0
133 6.A 7.2 5.5 7.140 0.752,4 26.36 215.0

El1 6.0 6.7 5.3 5.691 0.5718 .17.10 377.6
I12 6.5 7.5 5.2 6.860 0.7,155 13.77 '128.9

1E13 5.5 6.3 4.6 6.455 0.7255 52.61 ,163.1
E21 5.8 6.1 5.2 6.896 0.6757 51.72 -129.3
E22 5.5 6.3 '1.7 6.003 0.7173 50.37 136.3
E23 6.1 6.8 5.3 6.000 0.7,170 42.18 371.2
E31 5.9 6.7 '1.9 6.589 0.7172 52.98 155.8
1E32 5.5 6.3 '1.5 6.153 0.7180 66.23 606.8
E33 6.2 6.7 5.6 6.193 0.7261 51.12 ,,11.5

FI1 5.6 6.6 '1.4 6.603 0.7,170 17.86 '162.0
Fi2 5.1 5.8 4.4 5.888 0.7720 5S.S6 ,181.S
F13 '-1.9 5.6 4.1 6.083 0.7561 59.25 500.8
F21 '1.8 5.2 3.6 6.727 0.7016 78.26 867.0
122 5.9 6.9 '1.6 6.771 0.6218 94.75 1137.7
F23 5.5 6.0 4.9 5.915 0.7085 103.,43 96,T.6

[31 5.3 5.7 4.8 6.295 0.8283 60.18 433.0
P32 5.6 6.2 5.0 6.727 0.8133 63.10 526.8
F33 5.8 6.5 4.9 6.697 0.7985 71.20 620.0

0
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Figure 5.15. Effect of jet-grid injection pressure on free.stream turbulence intensity for
co-flow injection

range of injection pressures, but fromi Tables 5.1 and 5.2, for tests designated with either

a 1 or an E (cross.flow injection), the turbulence microscale lengths are not the same and

to a lesser degree, the turbulence integral scale lengths are not the same. Hence cross.flo%%

injection allows one to observe the effect of turbulence scale lengths on turbine blade heat

transfer measurements at a constant turbulence level. Further discussion on this effect is

delayed until heat transfer results are discussed.

The variation of turbulence intensity with injection pressure is shown in Figures 5.15,

5.16, and 5.17 for co-flow, cross-flow, and counter-flow injection, respectively. The lower

turbulence levels are the result of jet-grid injection at station 02, while the higher levels

of turbulence are the result of injection at station 0. From Figures 5.15 and 5.16, the

turbulence intensity was relatively constant for all injection pressures, and for all injection

orifice diameters, using co-flow and cross-flow injection. However, Figure 5.17 shows the

free-stream turbulence intensity increased 1-2 percent with increasing injection presbure

for both 1.32 mm and 1.98 mm injection orifice diameters, but only with the jet-grid at

station 0. A 1-2 percent change in turbulence intensity represents a small change in the
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Figure 5.16. Effect of jet.grid injection pressure on free-stream turbuleace intensity for
cross-flow injection
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Figure 5.17. Effect of jet-grid injection pressure on free-stream turbiulence intensity fur

counter-flow injection
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0
overall turbulence level, and for the most part, the injection pressure see ed to have a small

ef'ect on turbulence intensity. This restilt is in contrast to the results of Young and liain

(Young, 1989) where they determined jet.grid injection increased the turbulence intensity

of the free.stream flow by an amount of up to 45 percent over the non.injection case. Tie

difference in results may be due to several factors. Young and Han used supersonic jet.grid

injection, while this study was limited to sonic injection, except during test A 13, where

sonic injection is thought to have occurred. Young and Ilan (Young, 1989) found that the

turbulence level reinainied relatively constant until they used supersonic injection. Only

with supersonic injection were they able to obtain the large increme in turbulence intensity.

An analysis of the fre.cstream turbulence decay is presented. The turbulence inen-i%

decay belind the jet.grid ;t station 0 ( = 15.75) compares favorably with the turbulence

decay correlation used by Bllair (Blair, 193a). The free.stream turbulence level varied

from 8.9 percent using the 0.66 mm diameter injection orifice and co.flow injection (Test

A 13). up to 11.8 percent with the jet.grid at station 0 with no jet.grid injection (Test 000).

The correlation used by Blair (Blair, 1983a) is given by Equation 2.12. Using Equation

2.12, the free.stream turbulence level at a non.dimensional distance of = 2.5.67 behind

the jet-grid is computed as 10.9 percent which closely matched the results of the )reseut

study.

At station 02 (V = 25.67), the fr-e.stream turbulence level varied from -. percent

using the 1.32 iutu injection orifice and cross.flow injection (Test F21), up to 6.6 percent

using the 0.66 mn injection orifice and co.flow injection (Test DI 1). Equation 2.12 predicts

a 7.7 percent turbulence level. This represents a 16 percent difference between computed

and measured turbulence levels. One reason for the difference between the computed

and ,neasured turbulence levels may be different test conditions existed between Blair's

experiment and the present experiment. Blair's correlation was developed from tests on

a flat plate where the wind tunnel free-stream velocity was constant along the length of

the tunnel. In contrast, in the linear turbine cascade wind tunnel of this study, the free-

stream accelerated as the flow approached the leading edge of the turbine cascade where

the turbulence intensity was measured with a hot-wire probe.

Turbulence is proportional to the fluctating component of velocity (u', v'). As the

5.17



free-strcani velocity increases, the fluctuating comp jonent of that velocity reinains relatively

constant or eveni decreases undler accelerating flow condition-;, while the mean velocity in.

creases and the ieasured turbulence intensity decreases. Tile difrerence between acceler.

atn fret.stream~ and steady free-stream conditions may account for the difference in the

predicted turbulcnce level fronm Equation 2.12 and the actual turbulence level mneasured

with the jet-grid at station 02.

5.2.1 Turbulecec Integral Scale The X-component, integral scale (A,,) length was

onl the samte order as the outside diamteter of the jet-grid injecion tube (b = 0.G6 min)

(See Figures 5.18, 6.19, and 5.20. As seen in Figures 6.21, 5.22, and 45.23, the Y-component

itegral scale (A,,) wts ani order of imagitude smaller than the X-comnponent, integrail scale.

except for the case where it is thought that a jet of injected flow impinged directly onl the

liot-wire atnemomneter and distorted the lost results (Test. A 1.1).

The vatriation of integral scale length was examined for dependence onl jet-grid orifice

diameter, injection pressure, anid injection direction. Figures S.18, 5.1'0, and 5.20 show ef-

fect onl the X-component integra~l scale for thme three orifice dianmeters tested over the same

rangev of injection lressmrei for co-flow, cross-flow, and counter-injection, respectively, -it

station 0 (f 15.75). Th~e results of Figures 6.18, 5.19, and 5.20 were' repealabhle for situ.

ilar free-stream condhitionts. Uncertainty in definuig the zero frequency turbulence enmr

(ul) as it - 0) was mniminiinized by atveraginmg all turbulence energies beCtweeni 0 and

1000 lz frequencies; this method provided consistent results for the computation of thle

turbulence integral Scale 1lngthls listed in TIables 5.1 and 5.2. T1hme turbulence scale mn.

suremnents (both integral scale vnc1 microscale) haud a calculated uncertainty of 2 percent.

Comparing the results given in Figures 5.18, 5.19, and 5.20, the X-componcnt integral

scale remained nearly constant ovcr thme range of injection p~rcssures. Thle only exception

was a 30 percent increase in integral scale length which occurred for co-flow injection at ain

injection pressure of approximately 300 ' "a, Figure 5.18. From Figure 5.20, counter-flow

injection increased slightly thme X-coinponei.c integral scale over the case with the jet-grid in

place, but without injection. The larger diameter injection orifice.,, generally produced the

0 larger X-component integral scales. Young and ]fail (Young, 1989) propose counter-flow



injection increases the effective dimeter of the jet-grid tube that the free-stream sees as it

flows through the grid. T lee results support this proposal since the larger X-comipollent

integral scale lenigths were oltained for the counter-flow coil fiGuration.

Figures 5.21, .22, and 5.23 show the effect on the Y-component integral scale for the

three orifice diameters tested over the same range of injection pressures for co.flow, cros.

flow, and counter-injection, respectively, at station 0. The Y-component integral scales

were nearly independent of injection orifice diameter. The Y-component integral scale also

seemed insensitive to injection l)ressure execpt for one case. Figure 5.21 shows a dramatic

increase ( $00 percent) of integral scale site for the 0.66 nun diameter injection orifice -it

about 300 kPa. As discussed previously, this datum represents the results of Test A 11.

where supersonic injection velocities may have occurred. Since injection pressures were

measured and not flow rates, it is not possible to accurately determine the exit velocity.

However. the high jet.grid injection pressures make it highly probable that the flow was

superionic during Test A 1.1.

Similar to the results for the X-component and Y-component, integral scales with the

jt.grid at station 0, results of the X-component and Y-componeit integral scales were

obtained for the jet-grid located at station 02 (Q = 25.67). Plots of the X-component

integral scale versus injection pressure for all three diameters are given in Figures 5.2-1,

5.25. and 5.2G for co-flow. cross-flow. and counter-flow, respectively. The Y.comiponet (if

integral scales measured over the injection pressure range, with the jet-grid at station 02,

are shown in Figures 5.27, 5.2S, and 5.29 for co-flow, cross-flow, and counter.Ilow injectiun

directions, respectively.

Most noticeable front Figures 5.24, 5.25, and 5.26 is the result that the X.compovent

integral scale length was on the order as the jet-grid tube diameter (0.635 rmuu). This is

the same result obtained with the jet.grid at station 0. Ilence, tme turbulence integral

scale did not decay downstream of the jet-grid. In contrast to the results obtained for the

integral scale length with the jet-grid at station 0, Figure 5.20, counter.flow injection at

station 02, shown in Figure 5.26, did not increase the X-component integral scale length.

Tile effect of injection orifice diameter on X-component integral scale length was the same

as for the jet-grid placed at either station. On the other hand, the Y-component integral
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scale length became more depenident oil injection orifice diameter thn with the jet-rid

at station 0. A larger variation of the Y.componet integral scale corres)ondilg to e;ach

orifice diameter is visible in Figures 6.27, ".28, and 5.29 as compared to the variation of

the Y-component integral scale obtained with the jet.grid at station 02 shown il Figures

5.21, 6.22 and 5.23.
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Figure 5.18. Efrect of injection pressure and orifice diameter oi X-component integral
scale length for co-flow injection att = 15.75

The effects of jet.grid injection orifice diameter on tie X.component and Y-coniponlent

integral scale were cross.plotted against their respective free.stream turbulence level com.

plonent. Figuies 5.30-5.32 present the X.component turbulence integral scale lengths as

a fu, nction of the respective X-component of turbulence intensity (7'ur) for each of tlle

three jet-grid injection diameters. Each plot shows the integral scale for all injection pres.

sures, for the jet.grid at both locations in the free.stream flow. The injection directions

are denoted by either a solid symbol for co.flow injection, a hatched symbol for cross-flow

injection, or a open symbol for counter.flow injection. The X.component integral scale

remained relatively independent of the free.stream turbulence intensity. Figures 5.30-5.32
show the same integral length scale was obtained throughout the range of turbulence lev.

els tested (5-13.9 percent), except in the case of co.flow injection, at the 10-12 percent
turbulence level, shown in Figure 5.32. In this case, the solid star symbol represents the

datum obtained from Test AI,1, where it is thought supersonic injection through tie jet-

grid occured. All other results are for subsonic injection through the jet-grid. Comparison

between each of these three figures shows the injection orifice diameter had no distinct
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Fignre 5.19. Effect of injection pressure and orifice diameter on X.compoeiiit integral
scale length for cross.flow injection at = 15.75
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Figure 5.20. Effect of injection pressure and orifice diameter on X-component integral
scale length for counter-flow injection at = = 15.75-2
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Figure 5.21. Efrect or injection pressure and orifice diameter oil Y.compo.ent itegral

scale length for co.flow ilijectioll at f = 15.75
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Figure 5.22. EfFect of injection pressure and orifice diameter on Y-component integral

scale length for cross-flow injection at 1 = 15.75
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Figure 5.23. lEfrect of injection pressre anld orifice diameter cm Y.comlponent ilitegr;aI

scale length for coulter.flow injection at = 15.75
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Figure 5.2,4. Effect of injection pressure and orifice diameter on X-component integral

scale length for co-flow injection at f = 25.67
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Figure 5.25. lrfect of injection )ressure anid orifice diasmeter on X-comI]oneut iitegral

scale length for cross.flow injection at = 25.67
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Figure 5.26. Effect of injection pressure and orifice diameter on X-component integral
scale length for counter.flow injection at = 25.67
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Figure 5.27. Effect of injection pressure and orifice diameter on Y-compoIoeIt inlegral
scale leii tlh for co.flow iinjectioni at r = 25.07
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Figure 5.28. Efrect of hijection pressure and orifice diameter oli Y-coipoient integral
scale length for cross-flow injectio at z= 25.67
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Figure 5.29. h-ff'ect of injection pressure and orifice diameter oil Y-compoiiet integrml
scale length for counter.flow injection at f = 25.67

effect oi the X.component integral scale length. This reinforces the observation that the

X-component turbulence ttegra scale length is primarily a function of the jet.grid tube

diameter and does not dissipate downstream of the jet-grid.

Lastly, from Figures 5.:0-5,32, the different injection orientations produced integral

scales that are grouped together for particular turbulence levels. As an example, Figure

5.31 shows the X.component integral scales for cross.flow injection (hatched symbols), are
all plotted in the same region at both the 5-6 percent turbulence evel and the I 0 12

turbulence level. This phenomena may prove to be useful for selecting a precise turbulence

level once the overall range turbulence intensity for all types of jet-grid injection has beei

obtained.

Figures 5.33-5.35 show the Y.component integral scale as a function of the Y-

component turbulence intensity for each of the three jet.grid injection orifice diameters.

These figures show the Y-comnponent integral scale data was more randomly dlistributedh

than the X-component integral scales shown in Figures 5.30 - 5.32. For example, this

randomness of data is readily apparent when one compares Figure 5.30 with Figure 5.33.
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scale length for 1 .98 in

which repremeit the X and Y compoiInsts of turblCnlce integral scale for the same tets.

Also, as the injection orifice diameter increased, the overall range of ,;uties possible for tht.

Y-component turbulence integral scale length increased. The grouping of results obtained

for the Y.component integral scale lengths from co-llow, cross-flow, amd counter-flow is not

as readily apparent frots these plots as it was in Figures 5.30 - 5.32.

5.2.2 Tiurbulcncc AMicsealc The turhulence microscale size was afrected ly jet.grid

location, injection pressure, and injection orifice diameter. The location of the jet-grid had

the most effect on the microscale size and the injection orifice diameter had the least effect

oil the microscale size. Comparing the results tabulated in Table 5.1 with those results

of Table 5.2 for the turbulence microscales, the X-component microscale was on the order

of 5-10 pin with jet-grid injection at station 0 (F = 15.75) and 4.2-9.9 times larger with

jet-grid injection at station 02 (E = 25.67) and the Y-component inicroscale was on the

order of 30-60 lun with jet-grid injection at 1 = 15.75 and 9.4-10.3 times larger with the

jet-grid injection at station 02.

0 From Tables 5.1 and 5.2, the X-component turbulence microscale is much smaller
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tht: the Y-consp:aent turbulence microsc~de, whereas the the results of the provieus

section show the X.component integral scale length was greater than the -Coml)oinet

integral scale length. This result is expected since the smallest fluctuations in the free.

stream, as it passes through the jet.grid, are in the X direction. Shearing of the wake

behind each jet.grid tube creates a high frequency disturbance in the free.stream, in the

X-direction. The high frequency distur:ances due to shteariag between the wake and the

free.stream produce small turbulence microscales. The Y.component microscale is due to

Y.direction fluctuations of the flow in the wake of the jet-grid tubes. The Y-direction

fluct.uations are primarily dependent on the oscillating components of the wake, which oc-

cur at a much lower frequencies than the frequencies associated with shearing of the flow

in the X.direction. As a result of the low frequency disturbances to the free.stream, the

Y.:omponent turbulence microscales are relatively large compared to the X-component

turbulence microscales.

The X-component turbulence microscale size (A,) and Y-component turbulence mi

croscale size (A,) are tabulated for each test in 'Fables 5.1 and 5.2. The X-component
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uticroscale size for cc-flow, cross-Hlow, and counter-flow jet-grid injection ;it both jet-grid

locations, as a function of jet.grid injection pressures, is presented in Figures D.36-5.4 I.

Thle Y-compouent nuicroscale size for co-flow, crosflow, andl counter-Hlow jet-grid injec-

tion at both jet-grid locations, as a function of jet-grid injection pressures, is presented in

Figures 5.42-5.47.

Figure 5.36 shows a pronounced variation of the X-conmponent tuicroscale for co-

fnow injection with lte smallest diamleter orifice (0.66 in) at station 0, especi;illy at

tile higher injetion pressures. Again, similar to the related effect oil integral scale for

this test, this increase in turliule.-ice uticroscile to over 4 times its nom~inail value for lower

injection pressures was probabhly duie to snjperionic injection. Young and Han (Young. MSi9)

experienced similar results in their tests where supersonic injection pressures were used to

itncrease the inicroscale length. As seen in Figure 5.37 (or crois-flow injection and Figure

4.3S for counter-flow injection, the nticroscale was relatively constant over a 76-0 5

injection pressure range.

At station 02, co-flow injection shiownt in Figure 5.39 produced upl to a 81 p~ercent

variation in X-conmponcnt ,nicroscaile size for the 1.98 inin injection orifice. Cross-fluw

injection at station 02, Figutre 5.40, iad tile X-component inicroscales for counter-flow

injection at statloit 02 atre shown inl Figure S.A1 Bloth cross. flow antd counter-flow injection

produced a variety of X-conmponent tuicroscale sizes, depending onl injection p;,:siur ;tal

orifice (diatmeter.

T1hie Y-coinponeiit inicroscales for co-flow injection at station 0 are shown inl Figure

6.42. The large increase it Y'.component inicroscale size for the 0.66 nin dliatmeter inljctionl

orifice is attributed to supersonic injection conditions that may have been present. Y-

compnIoent microscalcs as a result of cross-flow injection at station 0, Figure 5.43, varied

inl size depending onl the injection pressure and orifice dliameter. Counter-flow injection

at station 0 increased the Y-component microscale as the injection pressure increased, as

sh.own in Figure 5.44.

The variation of the Y-conmponcnt inicroscale as a function of injection pressure.

with the jet-grid at station 02 is shown for co-flow injection in Figure 5.45. With the
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Figure 5.:6. Efrect of injection pressure and orifice diameter on X.comiponent microsckl
length for co.Ilow injection at = 15.75
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Figure 5.37. Effect of injection pressure and orifice diameter on X.comiponent microscale
length for cross-flow injection at -: = 15.75
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F'igure 5.3.9. Efrect of injectiolt pressure and orifice diameter on X.co11ponelt Imicroscate
lezgth for comiter.flow injection at ' = 15.75@b
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Figure 5.39. Effect of injection pressure and orifice diameter on X-component microscale
length for co.flow injection at 1 = 25.67
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Figure 5.,0. Effect. of injection pressure and orifice diameter on X-comtponent microscale
length for cross.flow injection at f = 25.67
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Figure 5.,11. Effect of injection pressure and orifice diameter on X.component inicroscale
length for counter-flow injection at 1 = 25.67
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ligure 5.42. Efrect of injection pressure and orifice diameter on Y-component inicroscalt
length for co.flow injection at t = 15.75

jetgrid at station 02, no supersonic injection occurred and there was no accompanyiag

large increase in the Y-comlponent turbulence snicroscale as seen in Figures 5.36 and 5.42.

Figure 5.46 indicates cross.flow injection produced a relatively small change in the Y.

component inicroscale size for the two smallest injection orifices with a small increase

in the Y-component iicroscale size for the largest injection orifice at a 150 kPa injection

pressure. For counter-flow injection at station 02. Figure 5.47, the Y-component microscale

length varied significantly depending on the injection orifice diameter. In this case, the 1.32

mn injection orifice diameter produced inicroscales twice the size of the inicroscale sizes

)roduced by other injection orifice diameters for the same injection pressure and injection

direction. The reason for the large increase of the Y-component inicroscale size for the

1.32 mn orifice using counter-flow injection is not known.

Cross-plots of turbulence icroscale as a function of their respective component of

turbulence, for each injection orifice diameter, are pr !senfed in Figures 5.48-5.53. The

jet-grid injection pressure and orientation are designated on each figure accordingly. As

seen in each of these six figures, there was a large variation in the turbulence microscale
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Figure 5.44. Effect of injection pressure and orifice diameter on Y-coniponent inicroscale
lenigth for counter-flow injection at =15.75
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Figure 5.45. Efrect of injection pr essure and orifice diameter oi Y.cOllOlitetm microv;Idt.
length for co.flow injection at £ = 25.07
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Figure 5.AG. Effect of injection pressure and orifice diameter ol Y-component inicroscale
length for cross-flow injection at = 25.67
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Figure 5.47. EfArect or injection pressure and orifice diameter on1 Y.cos O lent microscale
length for counter.flow injection at f = 1-5.67

at the low turbulence levels and a small variation or the turbuleace sc;Les -it the hith

turbulence levels. (This result indicates that in the study of turbulence mi..roscale efrect,

onl heat transfer, the jet-grid shoull be placed far upstream of the turbine cascade, in

order to g et lhe largest variation of the microscale length.) Also seen in these figure-.

both the X-component and Y.Component microscale lengths are inversely proportional to

the turbulence intensity. This is in contrast to the results shown in the cross.plots of

the turbulence integral scale length with their respective component ofturbulence intensity

(Figures 5.30 - 5.35). These particular figures also serve to highIight the differences in

injection orientation. For example, from Figure 5.48, co.flow injection produced nearly

the sanle size X.coinponent mlicroscales centered around the 10 percent turbulence level,

cross-flow injection produced similar microscale sizes in the region of 11 percent turbulence

level, and counterflow produced similar size microscales at 12 percent turbulence level. The

same trend is observed for the X-component microscale plots of Figure 5.49 and Figure

5.50. Injection pressure seems to have a more random effect on the turbulence microscale

i size than tile turbulence integral scale length in tl-kt the inicroscales are not the same size
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of turbulence: ) = O(;G 11111i

for a injection direction at a particular level of free-streamu turbulence. This was not the

c0as for the turbulence iitegral scale lengths (See Figu:res 5.30 - 5.:12).

At the lower turbulence level (4I-6 percent), counterlow injection produced the largest

size :uicrosc:des; Figures 4.49 and 5.52 demonstrate the effect of coutnterflow injection for

ai orifice diaueter of 1.32 un. One possible explanation for the efrect of counter-fluw

in'jection on the turbulence microscale size is that although couiter.flow injectionI may Iave

a large sheariug efrect oil the free.stream, any increased turbulence level that one might

get from an increased shearing due to counter-flow injection decays as the free.streaum

passes through the jet-grid. Further study in the area of turbulence scale production and

dissipation is necessary before firm conclusions may be formulated.

5.3 Turbine Blade llezt "hmi.fer

5.3.1 Baseline Turbine Blade Hamt Transfer Tests Ileat transfer on the turbine

blade was measured for all test configurations given in Tables 1.1 and 1.2, except test

numbers A1,1, A15, A2,4, A3,1, B1,1, 132,, CII, C24, and C34. The results of these tests
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Figure 5.50. Variation of the X-component turbulence nmicrosc;de with the X-contponent
of turbulence: D = 1.98 mn
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Figure 5.531. \ariationt of lhe .omptlnt turhlence slicroscale with the Y.colilt.n1t-li
of turbulence: 1) l.= t mm

were confined to turbhletwe measuremes only. The results are )reseted in lhe forto r4

S:anton number (SP) and Nsusselt tumber (N it) on the turbine blade. The Staton number

avid Nusselt number ot the turbine blale wilhout 'le jet.grid ii the 'ree.stream flow are

de.iga:tted hy subscript -. With the jet.rid at station 0 = 5.T5), the Statton tumhr

and umaselt number are designated with a suhsript 0 LJastly, with the jet.grid -it st:ttiotl

02 ( = 2-5.67). the Stautou number and Nusssell nutmber are designated by subscript 02.

The Stanto and lNusselt numbers on the turbine blade with no jet.grid in the rre.,

stream flow are presented in Figures 5.54 and 5.55, respectively. The Stanton and Nusselt

numbers with the jet-grid at station 0 are presented in Figures 5.50 and 5.57, respectively.

The Stanton and Nusselt numbers with the jet.grid at station 02 are presented it Figures

5.SS and 5.59. These three heat transfer tests form a baseline for comparison with al. other

heat transfer tests.

The results of all other tests are presented as the ratio of the Stanton numbers on

the blade to the Stanton number on the blade for a baseline test configuration. Susselt

numbers for all other tests are presented as a ratio of Nusselt numbers in the same maner
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as the St.ttout inmber rtIios were formad. rhis methoti of presentation gives at graphical

compjmki~on for eanch heat tramfser test to the t~Icill heat tran~sfer tests. True values fo~r

Stantoll anti Nus~tit numbers mnay be calculated by multiplying the Stanton number rttio

or Nusselt number with the respective baseline Stanton or Nusselt number.
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All plots of the Stanton number and Nusselt number Nre presented as a function of

the nodimensional distance (L) along the surface of the turbine blade. The results from

the pressure surface are given on the left tide of each plot and results from the suction

surface are given on the right side of each plot. The negetive ! values have no physicalC
significance, but are a result of the plotting package used to create the plots.

5.3.2 Conim;risqon to Thcoretical Predictions for /lcat Thuvmsfcr Figure 5.51 shows

the Stanton number for the turbine blade surface without the jet .grid installed. The free.

stream turbulence level was 1.26 percent and the turbulence microscale in the X.direction

was computed as r66 /1n. The turbulence integral scale length was 9.A rn. Computathn

of the Y-direction turbulence microscale and integral scale failed to produce a valid re.sulh

for the turbulence microscale. This was a direct result of the turbulent energy spectrum

for the V-direction , which was highly scatterred. Recall that a spectrum that does not

approach a .5/3 slope indicates a condition of non-uniform turbulel,ce.

The laminar boundary layer heat transfer prediction of the Stantonl number

(Kays, 17ST) is included on Figure 5.5-1 as well as the turbulent turbulent boundary layer

prediction for Stanton numher ol the turbine blade (Ambrok, 1957).

The Stanton number measured on the pressure surrace matches well with the turhn.

lent, boundary layer prediction of Stanton number except near the leading edge of the tur.

bie blade at about - -0.2. In this region, it has been suggested (Consiguy, 19S2) that

on the pressure suface, immediattely downstream of the leading edge, the flow is strongly

decelerated over a short distance which results in a laminar separation bubble and a lower

heal transfer. The low level heating rate was followed immediately by a high heating rate

due to the reattaching turbulent boundary layer. The surface pressure distribution shown

in Figure 5.2 indicates the flow was highly stagnated, hence, a laminar boundary layer ex-

ists in this region . Figure 5.55 shows the Nusselt number was approximately 400 for this

region, hence heat transfer was low compared to the theoretical Nusselt number computed

from the turbulent boundary layer theoretical prediction of the Stanton number. The tur-

bulent boundary layer prediction assumes a fully turbulent, attached boundary layer and

is unable to predict the Stanton number in the region of the pressure surface leading edge.
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In the region of the trailing edge on the pressure side, Figure 5.5.1, the measured

Stanton number is low. Other studies on turbine blade heat transfer (Blair, 19$ga),

(Consigny, 1982) indicate the Stanton number measured in this region should be as high or

higher than the turbulent boundary layer prediction of the Stanton number. One possible

reason for the low value of Stanton number in this region is because of inaccuracies in

accounting for heat conduction losses near the trailing edge. Th- proximity of the copper

bus bars and the thinness of the blade section contribute to the heat conduction losses in

this region. Near the trailing edge, no interior thermocouple was placed directly under tile

surface thermocouples. The interior blade temperature in this region was estimated using

a thermocouple I cm ahead (towards the turbine blade leading edge) of this position which

might have overestimated the actual conduction losses. An estimate of the heat conduc.

tion loss was computed using the opposing suction surface thermocouple. Results of this

calculation indicate the Stanton number in this area may actually be as high as 0.0015.

This being the case, an error bar is indicated as shown to account for the uncertainty

of the conductive heat losses in this region. This same argument applies to the trailing

edge region of the suction surface where I = 1.0. Elsewhere on the blade, the blade was
C

thick enough to allow interior thermocouples to be placed, and there were no heat sink

masses present, like the bus bars. The results of the remaining tests are presented as a

ratio of Stanton numbers and as a ratio of Nusselt numbers. The Stanton number ratio

and the Nusselt number ratio are valid over the entire surface except in the region of the

trailing edge of the turbine blade, for both surfaces, where a there is larger uncertainty

in the Stanton or Nusselt number ratio due to the uncertainty associated with the heat

conduction losses. The uncertainty of the Stanton number in the region of the trailing

edge is shown as an error bar in Figure 5.54.

On the suction surface presented in Figure 5.54, the measured Stanton number was

best correlated by tle laminar boundary layer heat transfer prediction for the majority of

the surface. Near the trailing edge of the suction surface (i : 0.7), the laminar boundary

layer transitioned to a turbulent boundary layer and the Stanton number was best pre-

dicted by the Ambrok (Ambrok, 1957) turbulent boundary layer prediction of the Stanton

number. The decrease in Stanton number in the region of L = 1.0, on the trailing edge of
C
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tile suction surface, is related to the uncertainty of computing the heat conduction in this

regioni.

With the jet-grid introduced -it station 0, the free.stream turbulence increasedl to

1 1.85 percent and thle turbulence microscales decreased dramatically for the low-turbulence

case. This was thle second baseline case for heat transfer onl tile turbine blade. The results

of this test (Test 000) are illustrated in Figure 5.56 and Figure 5.57. Onl thle pressure

surface, Lte Stanton numtber increased above the zero free-stream turbulence, turbulent

boundary layer prediction, except at the leading edge where a laminar bubble separated

thle flow and lowered thle heat transfer rate. Onl the suction surface, the boundary layer

onl thle blade was inlitially laiir, but started transitioning to a turbulent boundary layer

inmimediately (I :t 0.1). With transition tona turbulent boundary layer, the Stanton number
C

iiicreased accordingly.

Figure 5.57 gives thle Nusselt number onl tile turbine blade. Onl the suction surfacce,

thle Nusselt number increases lineairly towards lte trailing edge in contrast to F'igure 5.55.

where at 1 = 0.8 there was a leveling of the Nusselt num~ber followed by a rapid increas~e
C

of thle Nusselt nuber at L = 0.7.
C

The Stanton number for lte turbine blade with the jet-grid at station 02( =

25.67) is shown in Figure 5.58. The free-stream turbulence level was 0s17 percent and

the turbulence microscale lengths increased ive times over Test 000 microscale sizes. The

turbulent boundary layer heat transfer p~rediction underestimated the Stanton number over

muchi of the pressure surface.

Onl the suction surface shown in Figure 5.58, thle Stanton number increased from tile

lamninar boundary layer levels of Stanton number to Stanton number levels predicted by

turbulent boundary layer heat transfer. Trhe transition fromt lainiar to turbulent boundary

layer seems to have begun at le- 0.3. In this case, transition fromn laminar to turbulent

boundary layer was delayed compared to the case with the jet-grid at station 0 where

transition started at 1 = 0.1. Thc delayed transition was due to tile lower free-streaml
C

turbulence level associted with thme jet-grid placed at station 02. Comparing Figures 5.54I.
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5.56, and 5.58, the laminar-to-turbulent boundary layer transition point advanced toward

the leading edge as the free-stream turbulence level increased.

The Nusselt numbers for this configuration are given in Figure 5.59. Similar values

of Nusselt number on the turbine blade surface were obtained with the jet-grid at station

0. This result was expected since the free.strearn was moderately turbulent for both 'Test
000 and 'rest 002, and no other test conditions were changed.

The ratio of Stanton numbers and Nusselt numbers for the jet-grid in at station 0

compared to the no jet-grid in the flow is shown in Figures 5.60 and 5.01, respectively.

From Figure 5.60, the Stanton number increased on the pressure surface as much as 70

percent at the leading edge over the low-turbulence test (no jet.grid). The largest effect

was on the suction surface where the Stanton number increase by as much as 120 percent

due to the ratio of the turbulent boundary layer Stanton number to the laminar boundary

layer Stanton number. The ratio of the Nusselt numbers shown in Figure 5.61 demonstrate

the same increase in heat transfer rate on the turbine blade surface. This large increase in

Stanton and Nusselt numbers was due largely to the increased free-stream turbulence level.

Simonich and Bradshaw concluded in their study of turbulence effects on heat transfer on "a

flat plate, that the Stanton number increases with free-stream turbulence at a rate of about

five percent for each percent increase in turbulence intensity (Sinonich, 1978). Based on

this estimate, a free-stream turbulence level of 11.85 percent should produce a 56 percent

increase in Stanton number. The predicted increase in Stanton number was exceded at

several locations on both surfaces of the turbine blade.

From Figure 5.61, on the pressure surface, at = -0.3, the rapid decrease of the

Nusselt number ratio indiactes the heat transfer rate in this region decreased from the test

without the jet-grid in the free-stream as compared to the test with the jet-grid at station

0. One possible expalanation for this rapid decrease in Nusselt number is the laminar to

turbulent boundary layer transition point moved its position on the turbine blade surface

between the two tests. The direction of movement of this transition point seems to be

towards the turbine blade leading edge since at 1 = -0.2 the Nusselt number ratio in
C

Figure 5.61 is 1.48 which was significantly greater than the Nusselt number ratios for the

remaining pressure surface.

5-51



-. 0-0.,1-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.0 1.0 1.2LJ .4 .,,,.,., ., .----.. ,, ... , , - ,. -. -- -,---. -- r-' e" 2.4

.).2 Test 000 2.2

No injected (tow

2.0 Re-, 4.896 itle 2.0
XA 15.75a

ie .8 1.8

1.- 1.4

bt) 1.4

1.2 A. = 5.6 x 1" m 1.2
A. 6.4 x 10' m

A 9. x 109 m

1.0 A 5.0 in 1.0

PRESSURE SURFACE SUCTION ItURrACE

0., L 4  - 0.5
-1.0 -0.8 -0.6-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

s/c
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Figure 5.61. Effect of the jet.grid at station 0 (f = 15.75) onl the Nusselt ntumber-

Nusselt number ratio. Test 000

5.52



-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.11 1.0 1.2

.2 Tet 002 2.2
N~o injecttit flaw

2.0 ut a.9 5 g o 2.0

.0 A, 1' 6.6 x 10" m 1.8
A. 7.1 In,,i
A: 4.0 x 10:m

1.4 1.4

1.2 1.2

1.0 1.0

PPSUME SUIRFACE SUCTION SURFACE
0.8I I . I I a 0.5

- 1.0 -0.8 -0.8 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
s/c

Figure 5.02. Ff31ect of the jet-grid at staition 02 (~=25.07) onl the Stanton nIuImber
Stallion number ratio. Test 002

Comiparisoni of lte Stanton and Nusselt numbers for this test to tile Staniton anid

Nusselt numbers for thle test withI no jet-grid is presented in Figures 1602 and 4.63. For

this .~sfront Figure 5.62, tile Stantron numbhers onl the pressure surface increased about 2U

percent over the no jet-grid Stanton number levels except ait != -0.2, where the laminar

to turbulent b~oundary layer transition point shifted towards Lte leadinig edge front its

position (luring Test 000, hence increasing thle hecat transfer rate at this poision oilnl(

turbine bade surface. Figu. e 5.6:3 confirms Lte shift in lainlar to turbulent boundary

layer transition towards the leading edge at 1 = -0.3 occurred with Test 002. Thle ratioC

of the Stanton niumbers, shown in Figure 5.62, amid the ratio of Nusselt numbers, shown in

Figure 5.63, on the suction surface remained about the samec value in this case ('rest 002)

as with the jet-grid located at station 0 (Test 000).

5.3.2.1 Hleat Tyinfer on the Turbine Blade with Jet-Grid Injection T1'le effect

of jet-grid injection onl heat transfer is now considered. In all figures pertaining to this

section, multiple test results are shown onl a single figure. Oil each figure, tile injection

orifice diameter and injection direction are identical for all tests; however, thme injection
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F:sg"re 5.6:3. U ect of the joegrid at station 0 (f = 2.5.67) oil the Nusselt imaher
Nusselt m btlher ratio. Test 002

pressure was va ried. The Stanton and Nusselt numbers for the lowest jet-grid injection

•pressure is designated by square symbols. The remults from next highest injection pressure

are designated with triangle symbols, and the results from the highest injection pressure

are designated with diamond symbols. Actual injection pressures for each test are given

ill °ltbles 1.1 and 1.2.

Figures shown il this section t tie Stanton number ratios and the Nusselt nhoz

ratios measured on the turbine binde surface with the jet-grid at station 0 Q = 15.75).

Only representative plots of heat transfer measurements in the form of Stanton and Nusselt

number ratios are given in this section. All other plots of the Stanton and Nusselt number

ratios are shown inm Appendix D.

First, co-flow with jet-grid injection shown in Figure 5.64 had the least effect on

the Stanton number on the turbine blade pressure surface. As may be seei in Figures

5.65, 5.67, and 5.09, counter-flow injection increased the Stanton number on the pressure

surface up to five times the nominal value (with no jet-grid injection). This would soggest

an enormous heat transfer rate, but the corresponding figures for Nusselt number ratios fur
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F-igulre .6-1. Stalnton number oil tile turbine blade for co-flow injection . D 0 .(60 1011.
Test A 1, A12 and A13. Jet-grid at stati. 0

O counter-flow injection , Figures 5.66, 5.68, and 5.70, show tile Nusselt number ratios are

unity or less. There seems to be a dichotomy of results; however this is not tile case, rather

(lie turbine Ibia-ie surface velocity (list rilution changed wS jet-grid inj-ctilt was introdhuced

Which changed tile Stanton number. The Stanton numb~er is inversely proportional to

tile local Reynolds nmber, Rc,, oil tile blade surface. Counter-flow injection chianged the

velocity (list ribu tion oil the turb~ine blade pressure surfa~ce by stagnating tile flow. Prostire
distributions o tibe turbine blade surface measured for counter.flow injection support thi,

conclusion (see Figures 5.5 and 5.8). Since t0e Reynolsh number is proportional to the

local velocity, any change in velocity wou l result in a change in ecino nunber which

gives a equally large change in Stanton number. The hat transfer coefficient did not

change and the Nusselt number for this configuration confirms this fact. Ratcer the local

velocity oi the turbine blade surface changed, which affected the Stanton numbers.

Ti e dependence of the Stanton number on the turbulence microscale is more difficult

to determine because of the Stanton number's inherent dependence on the local velocity

distribution, however from Figures 5.71 and 5.72, where the free-stream turbulence was
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rigore 4.71. Santo io ntiuber Ott lhe torbite bMde for croSs.tlow injecttio. 1) .G 111111.
Test 1111. H-12 and 1113. Jet-grild at station 0

IMaItched for all lhrte lests shown ill this filtre. nd where the turbine blIade .Srfaice pre.smr.

disribution from 1gure .A was cos lanlt for all thr.e tests, lhe increase il St:.ntort ulh ilm

ratio is attributable to the respective decrease il X.component imicroscale. Note, due t(

room restrictios oi the plot. only t le X.Coopollnent Iicroscales have bee., listed, howe% er

the corresponding Y.compooieCt itiicroscales for tie X-CoinOnlmet iicroscdles listed in

Figures 5.71 and 5.72 similarly decreased in size for these three tests.

The effect of turulllence microscale on the turbine blade Nusselt number is seen when

tile free.stretin turbulence was matched for different tests. Cross.flow injection prc ..tced

ie1suSreAble variations in tile turbulence Iniroscale for the same turbulence level. Figures

5.73, 5.74, and 5.75 indicate lite Nusselt number increwsed oi the pressure surface as the

turbulence licroscale length decreased for the same turbulence level. The suction surface

Nusselt number ratios were unaffected by the variation in the lnicroscale size, which was

expected since the microscale, which is a measure of turbulence intensity and only affects

the turbulent boundary layer, but the suction surface bourdary layer was laminar or iii

5.59



- .0-0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.61 1.0 1.2

1.0 roI-no- njection 1.8

6o6 aTu x IOS t t.6
1.0 x O TTu a 10. ,

1.4 1.4

* 1.2 1.2

1.0 1.0
Cf,

0.6 13to). 0.8
X.27.1 1 0,4

Ox"-.O o6

I'mrFSUNT SURIFAC SUCTION 3URrACE ]
0.4 -1 z a ... .. . 1. . .. , , ,: =: . ..9. 0.4

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 2.2
s/c

Figure 5.72. Stanton number oin til turhine lade for cross-flow ijectiou. D = 1.32 ain.
Test 1121, 1122 and 1123. Jet.grid at station 0

transition from a laminar to a turbulent boundary lIyer and was; therefore. ,unafl et.! 11

thIe variation in the turbulence nicroscale sizeA,.

Figure 5.76 shows the Nusselt number for both the pressure surface anid the suClti"n

surface was different for all three tests in this figure, but the free.stream turbulkenr, wo,

only matched for the two lower injection pressures showni in this figure. For the two tests

of Figure 5.76 where the turbulence level was snatched, only a small increase in the Nusseh

number ratio is noticeable near the leading edge of the pressuye surface. On the si'ction

surface, there is no discernable difference between tle two test results. 'Elhe noticeable

increase of the Nusselt number ratio for the test with the highest injection pressure may or

may not be attributible to the decrease in microscale length since the free-stream turbulence

level was roughly I percent higher than the free-stream turbulence level of the other two

tests.

Representative plots of the Stanton nunmber and Nusselt numher ratios for the turbine

blade with the jet-grid at station 02 (t = 25.67) are now presented.

In general, the Stanton numbers ratios measured on the turbine blade were n tl
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Test 1111, 1312 and 111:. Jet.grid at station 0
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Figure 5.71. Nusselt number on the turbine blade for cross-flow injection. D = 1.32 inim.
Test B21, 1322 and B23. Jet-grid at station 0
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Figure 5.75. Nusselt number o the turbine blade for cross-flow injection. 1) = .'JS .
Test 1331, 132 and B33. Jet.grid at station 0
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Figure 5.76. Nusselt number on the turbine blade for co-floav iijection. D = 1.9 ,111.
Test A31, A32 and A33. Jet-grid at station 0
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]igure 5.7. Nusselt number on the turbine blade for co.flow injection. ) = O.S mm,.
Test I)31, D:32 and D:3. Jet.grid at s;tion 02

order of miniy or slightly less than unity over the pressure and suction surfaces of the

turbiNe blade. The NIusselt number rtios were also on the order of unity, exeCpt in the

case of co.flow hijection through the 1.9S mm diameter orifice shown in Figure 5,77. In

this plot, the Nusselt number varied widely, and especially along the presure surface. Tlhu

effect of the turbulence microscale on the Nusseh number is not clear in this plot since Ihl

turbulence intensitV was not held constant for all tests shown in this figure.

Again, the ratios refer to Test 002, not Test XXX. Although the ratio may be unity

or less, the actual Stanton or Nusselt numbers are generally much high:r than the Stanton

and Nusselt numbers on the turbine blade without the jet-grid installed in the free.stream

flow.

The most noticeable trend for this set of figures is that no large increase in the

Stanton number occurred for counter-flow injection, Figures 5.78, 5.79, and 5.80, as it did

at station 0 (Compare to Figures 5.65, 5.67, and 5.69). The local surface velocities oi

the pressure surface of the turbine blade remained relatively unaffected which is visible

from Figure 5.8. But counter-flow injection did cause the largest variation of the Stanitonl
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Figuare 5.7& Stanton number on the tuirbine blade for counter-flow injection. D 0-66
min. Test Fl 1, l12 and F13. Jet-grid at station 02

number as compared to the other injection directions tested with the jet.grid at station

02. For example, compare Figure 5.79 with Figure 5.81.

For all heat transfer tests made at station 02, the free.stream turbulence and surface

velocity (istribution were matched only in a two cases. Figure 5.81 and Figure 5.82 shou

a sm-1ll increase in the Stanton number ratio and the Nusselt number ratio, respectivel3,

of each test as the turbulence microscale size dcreased. 11, is not known why the increase

in the Stanton number ratios and the Nusselt number ratios was so small for a 27 percent

decrease in the tubulence X-component microscale size.

Figure 5.80 represents the second case where both the free-stream turbulence and

surface velocities on the pressure surface of the turbine blade were matched for the two

tests shown. In this case, the Stanton number ratio increased as the turbulence microscale

decreased, the Nusselt number ratio shown for this case in Figure 5.83 remained relatively

constant for both tests.
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Figure 5.79. Stanon ntuber oi the turbine bIlade for comiter.flow injection. D = 1.32
1m. Test 1721, P:22 amd F'23. Jet.grid at station 02
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Figure 5.80. Stanton number on the turbine blade for counter-flow injection. D = 1.9S
nin. Test F31, F32 and P33. Jet-grid at station 02
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Figure 5.81. Stanton number on the turbine blade for co.flow injection. D = 1.32 lum.
Test D21, 1)22 and )23. Je..grid at station 02
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Figure 5.82. Nusselt number on the turbine blade for co-flow injection. D =1.32 11111.
~Test D21, D)22 and D23. Jet-grid at station 02
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Figure 5.83. Nusselt number on the turbine Mahde for counter.flow injection. D I 9S
nim. Test F'31, F32 and F33. Jet.grid at station 02
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t'l~I . CON'CI, '.IOAS .A N'V iECO.L1UIN. ':I'IOAMS

6.1 Conchlssiotts

The effect of turbulence scale lengths on heat transfer in a linear turbine cascade was

studied. Of equal imp)ortance, methods were developed to control the turbulence integral

scale and Inicroscale lengths at a given free-stream turbulence level. The overall results of

this experiment are presented as turbulence scale generation and turbulence scale ,frects

ol the Stanton and Nusselt :umbers for the turbine blade.

The followin conclusions are given for the turbulence scale results:

1. The turbulence integral scale length (A) was primarily dependent ol the physical

diuensions of tihe turbulence generating grid tube. The streamwise component of

integral scale w:,re on the order on 0.6 ;mn, which corresponds closely with tIII,

outside diameter of the jct-grid tube inserted into the free-stream. lin this study.

is secondary flow injection through a jet-grid placed in the free-stream increased the

integral scale length by as much as -15 percent. Co.flow injection increased and

decreased the integral scale lengths depending on injection pressure and injection

orifice diameter. Cross-flow injection has negligible effect oi tle size of the integral

scales. Counter-flow injection increased the effective jet-grid tube diameter.

2. Turbulence integral scales did not decay downstream of the turbulence generating

grid.

3. The turbulence microscale length (A) was primarily determined by the locatioi, cir

the jet.grid in the free-stream with respect to the position of the turbulence mneasure.

ment device. A large variation of the microscales occurred for tile jet-grid location

when the injection direction was changed. Co-flow injection through the jet-grid

tended to lecrease the microscale lengths. Cross-flow injection produced a variety of

inicroscale lengths. Counter-flow injection had a relatively minor affect on the mii-

croscale lengths. The largest variation of the turbulence microscales due to injection

occurred with the jet-grid placed at the far upstream location (Z = 25.67).
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.1. Turbuilence microscales grew in size as the free.stream flow moved downstream of the

turbulence generating device. Turbulence microscales measured at a noudinWin.,ional

distance of = 25.67 were 5-S times the size of turbulence microscales measured ;tt

= 15.75.

5. Turbulence intensity varied inversely with turbulence microscale size. The higher

free-stream turblence levels contained the smallest microscale sizes. Turbulence de.

cay matched turbulence decay correlations provided by Blair (Blair, 19S3a) for the

jet-grid at = 15.75. Blair's correlation underestimated the turbulence decay by 16

percent with the jet-grid at I = 25.67. In this case, the effect on the turbulence in.

tensity of the free-stream accelerating as it approached the turbine cascade is thought

to have caused the measured free.stream turbulence level to decrease beyond Blair's

correlation.

Conclusions on the heat transfer results are listed as follows:

1 . The Stanton number measured on the turbine blade pressure surface matches the tur.

bulent boundary layer heat transfer prediction presented by Ambrok (Ambrok, 1957)

for low-turbuence (1.26 percent) free-stream conditions. Near the leading edge of tht,

pressure surface, a laminar bubble is thought to have caused a signiglicantly lower

Stanton number than what is predicted by Ambrok's theory.

2. The Stanton number measured on the suction surface is best correlated by laminar

boundary heat transfer predictions (Hvays, 1987) for low-turbulence free.stream flow.

An abrubt increase in Stanton number on the suction surface occured around the

non-dimensional surface distance of 1 = 0.6, at which point, the Stanton number

matched the turbulent boundary layer prediction. It is thought laminar to turbulent

boundary layer transition occured at this location on the suction surface.

3. Introduction of the jet-grid device produced significantly higher levels of free-stream

turbulence, which caused a higher heat transfei rate and a higher Stanton number

than predicted by Ambrok's theory on the pressure surface. Htigher free-stream

turbulence advanced the laminar-to-turbulent boundary layer transition point on

the suction surface. For a 11.8 percent free-stream turbulence level, the boundar.
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layer on the suction surface was almost entirely in a transition state or fully turbulent

and the Stanton number approached t'arbulent boundary layer predictions.

4. With the free-streanm turbulence level held constant and for a constant turbine llde

surface velocity, the Stanton number increased as the turbulence microscale length

decreased in repeated heat transfer tests. However , the jet.grid introduced a vari.

ation of the local velocity along the turbine blade surface, which had a large effect

on the ineasured Stanton number and made it diflicult to correlate the turbulence

muicroscale lengths with the Stanton number for many of the heat transfer tests per-

formed in this study.

5. The effect of the turbulence microscale length on the Nusselt number was best oh.

served with cross-flow injection with the jet.grid at station 0, where it was observed

that the free.stream turbulence level remained constant, the turbine blade surface

velocities remained constant, the turbulence microscales decreased with increasing

injection pressure, and the Nusselt number increased.

G.2 ICcoIImncneinlwis

In light of the results of this report, the following recommendations are mnade for

advanced study of turbulence scale effects on heat transfer in a linear turbine cascade:

Instrumentation improvements:

1. The turbine blade heat transfer test model and pressure surface model should be

integrated as one test model. This would allow the experimenter to simultaneously

neasure pressure distributions and heat transfer on the turbine blade surface.

2. An additional Hewlett-Packard 14713, 24-Channel FET Multiplexer should be in-

corporated with the present data acquisition system. This improvement would allow

more thermocouples to be used with the test model and allow a more detailed inea-

surement of the turbine blade surface temperatures.

3. Improved the jet-grid device by attaching high-pressure air lines, rather than the low

pressure air lines presently used. This would allow higher injection pressures to be

used and supersonic injection effects may be studied.
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.1. The test section euldwall should be modified to allow easier access to the test secti u

for introduction and removal of the test models.

Aras of further research:

1. Investigate the free-stream turbulence decay and microscale decay through the cas-

cade passageway.

2. Measure the effect of free-stream turbulence level and turbulence microscale length

on the turbine blade boundary layer.

:1. Model turbille blade surface degradation with a rough surface model and study the

effects on surface Ieat traitsfer and the location of transition to from laminar wu

turbulent bounidary layers oin both the pressure surf;ce :nd the suction surface.

Iliblets onl the blade surface may also he incorporated into the study.

•1. Lastly, perform a flow visualization study in order to determine the three.dimensiou:al

effects of the low-aspect ratio test section. Use the flow visualization to study the

effects of jet-grid injection o1n the local velocities onl the surface of the turbille hlade.
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AJppendix A. IIK:V T'I'NPEII D)ATA POI? BA:SIINEK II lADlE4

C'OYI(; L n.. TIO.N.

Iext tratnsrer tl;tt;t for the turbine vuscade witIt o jet-rid TesIk t e )Xxx

File: xxx
Sacondary flow pressure = 0 Kpa
Electrical energy input = 325 Watts
X/c Re no. Husselt Stanton
1.73910E-02 0-OOOOOE+00 0.OOOOOE+Oci O.OOOOOE+00
6.52170E-02 1.33630E+03 0-OOOOOE+00 0.OOOOOE+00
1.2434SE-0l 2.77358E+04 4.03821E+02 2.05935E-02
1.91304E-01 3.741.76E+04 8.13716E+02 3.07594E-02
3.15652E-01. 5.73666E+04 8.95459E+02 2.20784E-02
4.36522E-01 1.03032E+05 1.05932E+03 1.45424E-02
6.OOOOOE-01 1.96877E+05 1.42988E+03 1.02727E-02
7.6889SE-01 3..21277E+05 l.29002E+03 5.67935E-03
8.52174E-01 4.66597E+05 0.OOOOOE+00 0.OOOOOE+00
9.2347BE-0i 5.87590E+05 0.OOOOOE+O0 0.OOOOOE+00
9.91304E-01 7.00919E+05 0-010000E+00 0.OOOOOE+O0
9.02609E-01 7. 17577E+05 0.OOOOOE+00 0.OOOOOE+0O
7.64348E-Ol 5.77157E+05 l.19S22E+03 2.92909E-03
6.66957E-01 5.59542E+05 2.31694E+03 5.85682E-03
5.81739E-01 5.0713?E+05 2.04288E+03 5.69768E-03
4.86957E-01. 4.42468E+05 9.04001E+02 2.88980E-03
3.85217E-01 4.18384E+05 8.40041E+02 2.83992E-03
3.32174E-01 3.51226E+05 8.73489E+02 3.51764E-03
2.19130E-01 2.68639E+05 7..11123E+02 3.74417E-03
1.0782SE-0l 1.81815E+05 5.44172E+02 4.23338E-03
3.56520E-02 7.98340E+04 2.99230E+02 5.30149E-03
O.OOOOOE+00 4.24161E+04 2.17413E+02 7.24998E-03
8.6956SE-03 2.23173E+04 1.22888E+02 7.78844E-03
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Hem~ I for L he turine( cviscaclc jet-grid Nt1U11C(I .no hlowing 15 l.7.1:

T1est 000

File: 000
Secondary flow pressure = 0 KPa
Electrical energy input = 325 Watts
x/c Re no. Russelt Stanton
1.73S10E-02 0.OOOOOE+00 O..OOOOOE+00 0.OOOOOE+00
6.52170E-02 5.28691E+03 O.OOOOOE+00 0.00000E+00
1.2434SE-01 2.28481E+04 5.83206E+02 3.61070E-02
1.91304E-01 2.34950E+04 8.00154E+02 4.81702E-02
3.15652E-01 3.70269E+04 9.89404E+02 3.77952E-02
4.36522E-01 8.12465E+04 1.25927E+03 2.1922BE-02
6.OOOOOE-01 1.71917E+05 1.70049E+03 1.39907E-02
7.68696E-01 2.94917E+05 1.57382E+03 7.54809E-03
8.52174E-01 4.28749E+05 0.OOOOOE+00 0.OOOOOE+00
9.2347BE-01 5.48295E+05 0.ODOOOE+00 0.000OOE+00
9.91304E-01 6.59944E+05 0.OOOOOE+00 0.OOOOOE+00
9.02609E-0l 6.70384E+05 O.OOOQOE+00 0.OOOOOE+00
7.64348E-01 5.70136E+05 2.36502E+03 5..86728E-03
6.66957E-01. 5.24245E,+05 2.41284E+03 6.50990E-03
5.81739E-01 4..76330E+05 2.20921E+03 6.5600SE-03
4.86957E-01 4.27040E+05 1.96938E+03 6.52292E-03
3.85217E-01 4.06611E+05 1.70647E+03 5.93609E-03
3.32174E-01 3.31049E+05 1.30467E+03 5.57428E-03
2.19130E-01 2.51700E+05 1.04757E~+03 5.88682E-03
1.07826E-01 1.67939E+05 7.90401E+02 6..6569BE-03
3.56520E-02 7.24332E+04 3.99754E+02 7.80613E-03
0.OOOOOE+00 3.72762E+04 2.55815E+02 9.70678E-03
6.69565E-03 1.93108E+0J4 1.41271E+02 1.03474E-02
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Heat tran~sfer tlam; for the turbine cmtcmdc jet-gritd instadledl, no blowing. 25.67:

'1vst 002

File: 002
Secondary flow pressure = 0 xPa
Electrical energy input = 325 Watts
x/c Re no. Husselt Stanton
1.739102-02 0.000002+00 0.OOOOOE+00 0.OOOOOE+00
6.52170E-02 5.06586E+03 0.00000E+00 0.000002+00
1.2434SE-0l 2.48590E+04 5.30052E+02 3.015892-02
1.91304E-01 3.01894E+04 7.53089E+02 3.530702-02
3.156522-01 4.80176E+04 9.46641E+02 2.78847E-02
4.36522E-01 9.12738E+04 1.209132+03 1.873732-02

6.000002-01 1.80266E+05 1.81313E+03 1.265712-02
7.6889BE-01 3.01917E+05 1.52730E+03 7.15513E-03
8.52174E-01 4.36054E+05 0.000002+00 0.000002+00
9.23478E-01 5.51019E+05 0.000002+00 0.000002+00
9.91304E-01 6.59929E+05 0.000002+00 0.000002+00
9.02609E-01 6.754572+05 0.000002+00 0.OOOOOE+00
7.643482-01 5.78900E+05 2.62639E+03 6.417052-03
6.66957E-01 5.24732E+05 2.335332+03 6.29494E-03
5.817392-01 4.798382+05 2.250022+03 8.63242'--03
4.869572-01 4.317812+05 1.98047E+03 6.48762E-03
3.85217E-01 4.098252+05 1.602452+03 5.530532-03
3.321742-01 3.34915E+05 1.273572+03 5.378592-03
2.19130E-01 2.53604E+05 9.64510E+02 5.379372-03
1.078282-01 1.69121E+05 6.790142+02 5.878882-03
3.565202-02 7.35434E+04 3.431522+02 6.599692-03

0.000002+00 3.85336E+04 2.541212+02 9.327842-03

8.695652-03 2.01419E+04 1.399892+02 9.83048E-03
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0
Appendix 13. TURBULENCE E1NERC)Y

This appendix contains plots of tite turbulence eiiergy spectrum used to calculatte

the turbulence integral scale lengths and turbulence mlcroscale lengths for each test. The

theoretical slope of the spectrum (Batchelor, 1953) is shown for comparison.

0

0

B-i



O]
10 ""A

I) I

theory (-5/3)

tO I I0 ' I A

Frequency (liz)

Fiuell.l. 'lruribuleinco. onerg spectruml for ; ' 2'r est A I1I

001

A0 &

J. -

I0" ~theory (53

t0 A £0A:AAO)A

Frequency (H-z)
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Ap)pedix C. 110T- IlE CA II IIIATIO."

The X.type hot.wire, also called the X.wire, is calibrated for low speed and atslgl in

the turbine cascade wind tunnel.

The geometry of a cross.flow X-wire is given in figure C.I. This geometry is derlhed

arbitrarily as a normal configuration for this type of X.wire, that is, wire 2 is towards

the right of the oncoming flow vector U. as viewed in the direction of Uw. An in'etrsc

configuration of the wire geometry is defined as wire 2 to the left of Lk:.

CaI V it Clibrlylion Alas.rurciil.

The following procedure details the velocity calibration methelh for the hol-wir-,

probe.

Initial Probe and Probe )older Set-up:

The hot.wire probe is insertcd into the probe holder and the angle of the hisertr

with respect to the probe holder is recorded or set to 0 degrees. A simple protraclor wilh a,

pointer attached to the probe hohler is used for this measurement. The pitch angle (3) is

measured to within ± 0.5 degrees. The anigle of the probe longitudinal axis with respect to

the probe holder longitudinal axis is the yaw angle, denoted as . The effect of varying t.

on the X.wire signal is determined to he negligible for this type of geometry; for i' angles

between 0-4 degrees.

The probe and probe holder are inserted through the wind tunnel end wall into an

area where the free-stream flow angle has been determined. The bisector is set to 0 degrees

with respect to the oncoming flow angle ( 0 = 0 degrees). Refer to Figure C.I.

The Therino Systems IFA-100 is adjusted for the proper cable, probe holder, and

probe resistance for each wire of the X-type hot-wire. Similarly, the operating resis-

tance for each wire is set. Refer to the Thermo Systems IFA-100 operator's manual

(''SI Manual, 1983) for detailed instructions on the proper setup of this system.

Speed Measurement
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The wind tunnel is started and the fre,.streat flow is allowed to comle to steady State

conlditions at the lowest speed setting. The output voltage from each hot-wire is measured

400 times uing the llewlett-Packiard Integrating Voltmeter, Model No. 4,1701 and aver.

aged to a single voltage reading. The corresponding differential height in the pitot tube

manometer is measured and recorded. The wind tunnel speed is increased incrementally,

and hot-wire o.tput signals measured, until a minimum of eleven readings per hot.wire are

completed. This process is automated using the Hewlett.Packard lIP3852A lligh.Speed

Data Acquisition mainframe, and the X-wire calibration program XIVIRECAJl.BA$Sisted

at the end of this appendix.

C.2 .4ny1c Calibivition Mcasourc ctit,

Similar to the speed calibration procedure, tie hot-wire is calibrated in the wind

tunnel at the same location used for X-wire speed calibration. The wind tunnel speed is

set to a single value. A tunnel speed is chosen which is representative of the expected test

conditions to le used for subsequent pressure and heat transfer measurements. The probe

is rotated from -10 degrees to +10 degrees in 1 degree increments. llot-wire output voltaes

for each wire are measured using the lewlett-Packard Integrating Voltmeter, Model No.

,1.1701A. Each hot.wire output signal is measured 100 times and averaged to a single value

of output voltage. The offset angle is recorded at each increment. A total of 21 angle

increments and their corresponding hot-wire output voltages are measured and recorded.

A QuickBASIC program XIIIRECAL.BIAS automates the angle calibration data

collection process for X-wire. A listing of X'WIRECAL.BASis included at the end of this

appendix for reference. The Hewlett-Packard 3852A Iligh-Speed Data Acquisition System

measures and stores all hot-wire signal values in its internal memory baler. Permanent

data storage is on floppy disk.

C.3 IHotlWire Probe Calibration Equations

The governing equations for the X-wire are given as follows:
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( 2 = LI2 (cos2 0, + klsin,20) (C.l)

U2qjj = U. 2(cos 202 + k2sin 202) (C.2)

where

Ulf//C = component of Uo perpendicular to III,

U2,jj 2  = component of Ut.. perpendicular to 1V2

k, j'2 = coefficients for wire 1 and wire 2, respectively

The signal output from each hot-wire, it; terms of voltage, is

F~:= cR + biLt~iqj + nL5i~11  (c.:I)

.2 = C2 + b2UN,j + (12U.j (C'..4)

is where

Ell = predicted wire 1 out)Ut signal (volts)

.'.2 = predicted wire 2 output signal (volts)

n1, bI anld cl = wire 1 velocity calibration coefficients

42, b2 and C2 = wire 2 velocity calibration coefficients

The free.stream flow velocity (U ) is computed from the differential height of the

pitot tube manometer as

Uoo= h. 249 (C.5)

where

Poo = free-stream static air density

Ah = differential height of manometer in inches of water

249 = conversion factor for inches of water to kPa conversion

Using Equation C.5 in conjunction with Equation C.1 and Equation C.2 for wires I and 2,

respectively, Ulf,, and U2,,, is computed for each wind tunnel speed measured with the
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hot wire probe. Values fork, and k2 are arbitrarily specified at this point of the calibration

procedure.

A quadratic fit. is computed for Equations C.1 and C.2 for the independent vari:bl s

ti'.//I and U2,,, I using matrix multiplication (MATHCAD Manual, 19S7).

Matrices II, and 112 arc formed

_.<_ = 1

tit<1> = I

ll.2<2> = U1,11

0 Iz<3> = U2,1 (1.7)

where

1111<11,2.3> = columns 1, 2. and 3 of 11', respectively

11."2< 1
_

21_ >  = colutis 1, 2, and 3 of W'2, respectively

Then the coefficients tit , bi , an(l cl of Equation C.3 are found from the matrix

product I ' = (W? 'T. *i). (,,_j ZT (C.S)

where

ISLT = transpose of W,~1

Ell = measured hot-wire output voltages for wire I

0
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Coeflicients a2 b2 and C2 of Equation C.4 are determired as

J, =2 E ) (0.9)
b2j (11,,T . 11I- *1, . E C9

C:2

where

IIIrT  = transpose of I,

A I = measured hot-wire output voltages for wire 2

Hence, Equation C.8 and Equation C.9 give a quadratic fit of the speed calibration

data for wire I and wire 2, respectively. Substitution of the coeflicients determined from

Equation C.S into Equation C.:; give a predicted value E12. Similarly, coefficients found

in Equation C.9 are substituted into Equation C.A to give E2
2 .

The sum of the squared error between predicted and measured output signal for all

time steps, NI, is computed as

ERIllsti: = E 1,2 - E,#2 (c.1I

E F ~22_E2EIT..,,, = Z E22 - £2 2 ((.11)

where

N = total number of speed calibration data measurements

for wires I and 2

El = measured wire I output voltage

E2' = measured wire 2 output voltage

Coefficients k, and k2 are determined from the angle calibration data as follows.

U,,. is computed from Equation C.5 using the tunnel speed setting from tile angle

calibration measurement. From Equation C.1 and Equation C.2, Uljj,2 and U2,,,, 2 are

computed. Equation C.1 and Equation C.2 are presented below for reference.
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6

I = U. 2(cos 20, + kIsij 2$1)

2, = U(cos29 + k2sin 201)

Substitution of U.,, and 0 2, ,, into Equation C.3 and Equation C.4, respectively,

yield predictions for E2 and E2.

The sum of the squared error between the predicted output voltage and the output

voltage measured at each offset angle increment for all N values is given by

,= , 2 ,121
E F.

F. iL 5  = - 2  (C..3)

where

x = total number of angle calibration data measurements for wires I and j

h', of = measured wire I output voltage

E1 o= measured wire 2 output voltage

Coefllicients k, and k2 are chosen so as to minimize the sum ob" the squared error as calcu.

hated in Equations C.12 and C.13.

Actual implementation of the above X-wire calibration is coded using HATIICAD,

version 2.1. AI.47'CIAD allows the user to see plots of quadratic fits for both wire

equations while simultaneously choosing coefficients k, and k2 which minimize the error.

A sample printout of a hot.wire calibration using MA TIICADis included in this appendix.

0
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. X-Tyioc Iot-1l'irc Caibmtio Sourcc Codc iisly

Hot wire (X type calibration program)

High speed voltmeter is used for signal measurement.
Written by Lello Galassi 7/1/89.

This calibration program reads the voltage output by each wire

during calibration testing. Each channel is read 500 times then

averaged for a mean voltage.

The program loops and triggers on pressing any key.
1 *¢*e* *9O geQ* e*O .0.. 000 000 *00 00000 000 0000 COO 0.0 0

CLS

PRINT *.......0o0oe0o0o004004 ooo00000e0000e0000o00"

PRINT "X-wire calibration program for the HP 3852A"

PRINT " HP44701 Integrating Voltmeter in slot 0600"

PRINT " Disconnect the dedicated high-speed FET cable from tne HP44702B"

PRINT "": SLEEP 4

S CLS INPUT "Is this a (V)elocity or (A)ngle type calibration? "1, varS

INPUT "Enter wire serial no. (data stored on A:\SRI\..dat)? ", dirt

INPUT "Filename to store data on disk A? ", filenameS

OPEN "A:\" + dirt 4 **\" + filenameS + ".dat" FOR OUTPUT AS 11

IF (var$ - "V") THEN

INPUT "Current air density? ", rho!

END IF

PRINT ********o****.**** ***** ***********

PRINT""

VIEW PRINT 8 TO 22
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CALL ibfind("hp3852", dvm4)

CALL ibwrt(dvm%, "rst")

10 PRINT "Press any key to begin scan "

DO: LOOP WHILE INKEY$ - fl

CALL ibwrt(dvm%, "disp off")

CALL ibvrt(dvm%, "real A(399),B(399).LH.AV.S")

This call configures the HP44701 Integrating Voltmeter as the moasurins
instrument.

CALL ibwrt(dvm%, "use 600;nplc 1")

CALL ibwrt(dvm., "conf dcv;nrdgs 400;azero once")

' Procede vith channel I and channel 2 voltage scan.

CALL ibwr',(dvm%, "meas dcv,321,use 600,into A;conf dcv;nrdgs 400")

CALL ibwrt(dvm., "imeas dcv,322,use 600,into B")

'Perform statistcal averaging on the measurements stored in arrays
I A and B.

CALL ibwrt(dvm%, "stat L,HAV,S,A")

CALL iburt(dvm, "vread AV")

CALL ibwrt(dvm, "disp on; disp AV")

rd$ = SPACE$(16)

CALL ibrd(dvm%., rd$)

chani! x VAL(rd$)

I Output to the screen and to the data storage file

COLOR 0, 5
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PRINT "channel 1 voltage is:", chani!

CALL ibwrt(dvm%, "stat LH,AV,S,B")

CALL ibwrt(dvml, "vread AV")

CALL ibrd(dvm%, rd$)

chan2! a VAL(rd$)

PRINT "channel 2 voltage is:", chan2!

IF (varS - "V") THEN

INPUT "Input the current velocity setting ", vel!

ELSE

INPUT "Input the current angle setting ", vel!

END IF

IF (var$ - "V") THEN

vel! - SQR(vel! * 249! * 2! / rho)

PRINT "current air speed is: ", vel!, " m/sec"

ELSE

PRINT "current angle setting is:", vel!, "degrees from bisector"

END IF

I Output to data storage file on disk A:

PRINT 01, vel!, chani!, chan2!

INPUT "quit? (y or n) ", q$

IF q$ <> "y" THEN

GOTO 10

* ELSE
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CLOSE #1

PRINT "This stage of calibration completed - data stored in", filenar aS

PRINT ""

END IF

INPUT "Do an angle calibration for the current hot wiro? (y) or (n)", rst$

IF (rst$ = "y") THEN

CLS 2

GOTO S

END IF

END
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Appendix E. DATA ACQUISITIOS SOURtCE CODE LIS TIUr;

11P3852A )ata Acquisition System Source Code

Written by ILt Iello Galassi, 19S9

Source code iauguage: Microsoft QuickBASIC, version '1.5

HP38S2A Data Acquisition Program for High Turbulence Heat Transfer
(for use on the Linear Turbine Cascade Wind Tunnel, BLDG 19)

Written by Lt Lello Galassi, 6/23/89

QuickBASIC Declarations Rev. C.4

Common GPIB status variables

COMMON SHARED ibsta%, iberr%, ibcnt%

* GPIB Subroutine Declarations

DECLARE SUB IBBNA (BD%, RDNAKE$)
DECLARE SUB IBCAC (BD/, V%)
DECLARE SUB IBCLR (BD%)
DECLARE SUB IBCMD (BD%, CMDS)
DECLARE SUB IBCMDA (BD, CMDS)
DECLARE SUB IBDMA (BOX, V%)
DECLARE SUB IBEOS (BD, V%)
DECLARE SUB IBEOT (BD%, V%)
DECLARE SUB IBFIND (BDNAME$. BD%)
DECLARE SUB IBGTS (BDX, V%)
DECLARE SUB IBIST (BD%, V%)
DECLARE SUB IBLOC (BD%)
DECLARE SUB IBONL (BD, V%)
DECLARE SUB IBPAD (BDX, V%)
DECLARE SUB IBPCT (BD)
DECLARE SUB IBPPC (BD/, V/)
DECLARE SUB ibrd (BD/, rd$)
DECLARE SUB IBRDA (BOX, rd$)
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DECLARE SUB IBRDF (BD, FLNAME$)
DECLARE SUB IBRDI (BOX, IARRW, CNT%)
DECLARE SUB IBRDIA (BD%, IARRXO, CNT)

DECLARE SUB IBRPP (BDX, PPRX)

DECLARE SUB IBRSC (BD, V)

DECLARE SUB IBRSP (BD%, SPRY)

DECLARE SUB IBRSV (BD, VM)

DECLARE SUB IBSAD (BD. VM)

DECLARE SUB IBSIC (BD)
DECLARE SUB IBSRE (BD, WX)

DECLARE SUB IBSTOP (BD)

DECLARE SUB IBTMO (BD%, VM)

DECLARE SUB IBTRAP (MASK%, MODEX)
DECLARE SUB IBTRG (BD)

DECLARE SUB IBWAIT (BD%, MASKW)

DECLARE SUB IBWRT (BOX, WRTS)

DECLARE SUB IBWRTA (BD%, WRTS)

DECLARE SUB IBWRTF (BDX, FLNAMES)
DECLARE SUB IBWPTI (BD, IARR(). CNTZ)

DECLARE SUB IBWRTIA (BD., IARRX(, CNTX)

GPIB Function Declarations

DECLARE FUNCTION ILBNA% (BD, BDNAME$)

DECLARE FUNCTION ILCACX (BD, VX)

DECLARE FUNCTION ILCLRX (BD)

DECLARE FUNCTION ILCMD% (BD%, CMDS, CNTZ)

DECLARE FUNCTION ILCMDA% (BD%, CMD$, CNTZ)

DECLARE FUNCTION ILDMA% (BD%, V%)

DECLARE FUNCTION ILEOSX (BD, V%)

DECLARE FUNCTION ILEOTZ (BD, VM)
DECLARE FUNCTION ILFINDZ (BDNAME$)

DECLARE FUNCTION ILGTS% (BD, V%)

DECLARE FUNCTION ILISTX (BD, VM)

DECLARE FUNCTION ILLOCX (BD)

DECLARE FUNCTION ILONLX (BD, V%)

DECLARE FUNCTION ILPAD% (BD, V%)

DECLARE FUNCTION ILPCTX (BD)

DECLARE FUNCTION ILPPCX (BD, VM)

DECLARE FUNCTION ILRDX (BD, rd$, CNTX)
DECLARE FUNCTION ILRDA% (BD, rd$, CNT%)

DECLARE FUNCTION ILRDFX (BOX, FLNAME$)

DECLARE FUNCTION ILRDI% (BDZ, IARR%(), CNTZ)

DECLARE FUNCTION ILRDIA% (BD, IARR(), CNTZ)

DECLARE FUNCTION ILRPPX (BO, PPR)
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DECLARE FUNCTION ILRSC% (BD, V%)
DECLARE FUNCTION ILRSP% (BOX, SPR%)
DECLARE FUNCTION ILRSVX (BDX, V)

DECLARE FUNCTION ILSAD% (BD, V%)
DECLARE FUNCTION ILSIC% (BDX)
DECLARE FUNCTION ILSRE% (BD%, V%)
DECLARE FUNCTION ILSTOPX (BDX)

DECLARE FUNCTION ILTMO% (BD%, VW)

DECLARE FUNCTION ILTRAP% (MASK%, NODEX)
DECLARE FUNCTION ILTRGX (BD%)

DECLARE FUNCTION ILWAIT% (BD, MASK%)

DECLARE FUNCTION ILWRT% (BD, WRT$, CNTX)
DECLARE FUNCTION ILWRTA% (BDX, WRT$, CNTX)

DECLARE FUNCTION ILWRTFX (BOX. FLNAMES)

DECLARE FUNCTION ILWRTIX (BDD, IARRW(, CNT%)
DECLARE FUNCTION ILWRTIA% (BD, IARRO, CNT%)

DECLARE SUB TMON (dvm%)

DECLARE SUB GPIBERR ()

DECLARE SUB PRUN (dvm%, rho!, dt$, FileNane$, iflag%, Temp!)
DECLARE SUB FRUN (dvm%. FileName$)
DECLARE SUB TRUN (dvm%, Temp!, FileName$, rho!)

DECLARE SUB CONVERT (VALS!(), NNX)

DECLARE SUB FFT ()
DECLARE SUB PLOTT (xdatl!(), ydatl!(), xmin!, xmax!, ymin!, ymax!,

xlabS, ylab$, pltlab$, ntot)

DECLARE SUB SECPRES (dvm%, sfa!)

DIM chord(24) AS SINGLE

Initialize the screen

CLS : COLOR 3, 0: LOCATE 7, 12

PRINT "11HP3852 Controller Program": PRINT

LOCATE 8, 12

LOCATE 10, 12

0PRINT "This program controls the HP3852 Data Acquisition System"
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LOCATE 11, 12

PRINT "for high-turbulence heat transfer measurements."

PRINT I

SLEEP 5

CLS : LOCATE 7, 7

INPUT "Bypass turn-on sequence? ", ans$
IF ans$ * "y" THEN
GOTO 55
END IF

PRINT : PRINT "Initializat Ion of Program:": PRINT

10 INPUT "11HP3852 on? (y or n)", ans$

IF ans$ <> "y" THEN
BEEP

PRINT "TURN ON HP3852"

GOTO 10

*END IF

20 INPUT "Blade and Scanivalve power supplies on? (y or n)", ans$
IF ans$ > "y" THEN
BEEP

PRINT "TURN ON BOTH POWER SUPPLIES"
GOTO 20

END IF

30 INPUT "Scanivalve on? (y or n)", ans$
IF ans$ <> "y" THEN
BEEP

PRINT "TURN ON SCANIVALVE"

GOTO 30

END IF

40 INPUT "'IFA 100 on and channels set? (y or n)", ans$

IF ans <> "y" THEN
BEEP
PRINT "SET-UP THE IFA 100"
GOTO 40
END IF
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'Read the blade chord locations for pressure ports and thormocouples

SS OPEN "C:\LELLO\chord.dat" FOR INPUT AS 12 'blade chord locations are

FOR J x I TO 23 'stored into the data file

INPUT 12, chord(J) 'chord.dat on the C: drive.

'PRINT "chord(", J, ")-", CHORD(J)

NEXT J

CLOSE 12

Initial Test parameters:

CLS : LOCATE 7, 7

PRINT : PRINT "Data initialization:": PRINT

INPUT "Run Designation for all data files ? ", FileName$

iflag = 0

dt$ = DATES

timek - TIMER

CLS : LOCATE 7, 7

INPUT "Current temperature (deg. F)? ", Deg!

Temp! - (Deg! - 32!) * 5! / 9!

rholow! = 1.3947

drho! = .4666

Tlow! = 23.15

dTemp! = 100!
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CLS : LOCATE 7, 7

rho! z rholow! - drho! * (Temp! + Tlov!) / dTemp!

PRINT "Current air density is "; rho!; SPC(1); "kg/m'3"

LOCATE 12, 7

PRINT " Press any key to continue..."

DO: LOOP WHILE INKEY$ a fl

CLS : LOCATE 7, 7

PRINT : PRINT "Data Initialization Complete."

'Assign a unique identifier to the HP38S2 for use with the GPIB

CALL IBFIND("HP38S2", dvm%)

IF dvm% < 0 THEN CALL GPIBERR

CALL IBWRT(dvm%, "RST")

'Routine Branching for the MAIN MEMU

DO
CLS : PRINT : PRINT " MAIN MENU": PRINT

PRINT STRING$(80, "'): PRINT

PRINT "01) Temperature Run"

PRINT "02) Pressure Run"

PRINT "03) Turbulence Frequency Run"

PRINT "04) Temperature and Frequency Run"

PRINT "05) Temp., Freq., and Press. Run"

PRINT "06) Frequency and Pressure Run"
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0
PRINT "07) Fast Fourier Transform of Data"

PRINT "08) Current Temperature of the blade"

PRINT "09) Secondary Pressure in Manifold"

PRINT "10) EXIT"

PRINT : PRINT "Type your selection (01-10):"

chs$ - INPUTS(2)

I Use SELECT CASE to process response.

SELECT CASE chs$

CASE "01": CALL TRUN(dvmY., Temp!, FileName$, rho!)

CASE "02": CALL PRUN(dvm,, rho!, dt$, FileNamaS, iflag.,
Temp!)

CASE "03": CALL FRUN(dvm., FileName$)

CASE "04": CALL TRUN(dvm,, Temp!, FileNamo$, rho!)

CALL FRUN(dvm%,, FileName$)

CASE "05": CALL TRUN(dvmY,, Temp!, FileName$, rho!)
CALL PRUN(dvm%, rho!, dt$, FileNlam$, iflag.,
Temp!)

CALL FRUN(dvm, FileName$)

CASE "06": CALL PRUN(dvmY,, rho!, dt$, FileName$, iflag,
Temp!)

CALL FRUN(dvm%, FileName$)

CASE "07": CALL FFT

CASE "08": CALL TMON(dvm%)

CASE "09": CALL SECPRES(dvm,, sfa!)

CASE "10": EXIT DO
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CASE ELSE

BEEP

END SELECT

LOOP

END

SUB CONVERT (VALS!(), NNX)

DEFINT I-M

DIM VALS!(2049)

N 2 *NN
J=1

FOR i 1 TO N STEP 2

IF 3 <= i THEN GOTO 2200
TEMPR - VALS(3)

TEMPI = VALS(J + 1)
VALS(J) = VALS(i)

VALS(J + 1) - VALS(i + 1)

VALS(i) - TEMPR

VALS(i + 1) = TEMPI
2200 M - N / 2

2210 IF M >= 2 AND J > M THEN GOTO 2240
J=J+M
GOTO 2310

2240 3 - J - M
K=K/2

GOTO 2210

2310 NEXT i

MMAX = 2
2330 IF N <= MNAX THEN GOTO 2700

ISTEP = 2 * MMAX

THETAI = 6.283185307179598 / ISIGN / MMAX
WPRI = -2 * (SIN(THETAN / 2) - 2)

WPIS = SIN(THETAI)
WRI = 1
WIS z 0.000000000000000

FOR M z 1 TO MMAX STEP 2

FOR i M K TO N STEP ISTEP

J = i 4 MMAX

TEMPR = CSNG(WR#) * VALS(3) - CSNG(WI#) * VALS(J + 1)
TEMPI • CSNG(WRO) * VALS(J + 1) + CSNG(WI#) * VALS(J)

VALS(3) = VALS(i) - TEMPR

VALS(J + 1) = VALS(i + 1) - TEMPI
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VALS(i) - VALS(i) + TEMPR

VALS(i + 1) a VALS(i + 1) + TEMPI
NEXT i

WTEMPS x WRI

WRI a WRI * WPRI - WIS * WPII + WRI
WI# = WIS * WPRI + WTEMPI * WPII 4 WIl

NEXT M

MMAX - ISTEP

GOTO 2330
2700 'ALL DATA IS NOW CONVERTED AND IS READY TO BE STORED

IF ISIGN - -1 THEN RETURN

FOR i - I TO NN * 2

VALS(i) z VALS(i) / NN

NEXT i

END SUB

DEFSNG I-M

SUB DVMERROR STATIC

PRINT "DVM GPIB ERROR"
END SUB

SUB FFT

'THIS ROUTINE TRANSFORMS DATA FROM THE TIME TO FREQUENCY DOMAIN
'OR BACK USING THE DANIELSON-LANCZOS FFT METHOD

'THE DATA FORMAT REQUIRED FOR READING IS AS FOLLOWS:

TOP LINE:

NN C R ISIGN
'WHERE NN = I OF SAMPLED DATA POINTS < 1025

C - I OF CHANNELS READ

R = (1) IF REAL DATA, (2) IF COMPLEX DATA, (3) IF MAGNITUDE DATA

ISIGN= (+I) TF DATA IS IN TIME DOMAIN, (-I) IF DATA IS IN FREQ DOMAIN

REMAINING DATA:

TIME OR FREQ CHI CH2 .....

'******************* FFT ROUTINE **************.

'******************** MAIN PROGRAM ***********************
DIM VALS!(2049)

DIM VALU!(2049, 6)

DIM VALM!(I0?5, 6)
'GET DATA
PRINT "AVAIL DATA FILES:"
FILES "\LELLO\*.FFT"

INPUT "INPUT DATA FILE NAME W/O EXTENSION (.FFT): "; ND$
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OPEN "\LELLO\" * ND$ + ".FFT" FOR INPUT AS #1

INPUT #1, NN, C, R, ISIGN

SI$ x "CONVERTING FROM TIME TO FREQ DOMAIN"

S2$ - "CONVERTING FROM FREQUENCY TO TIME DOMAIN"

IF R - 3 THEN

PRINT "NO CAN DO"
GOTO 3000

END IF
IF ISIGN - I THEN PRINT SI$ ELSE PRINT S2$

FOR i - 1 TO NN * R

FOR J - 1 TO C + 1
INPUT #1, VALU(i, J)

NEXT J

NEXT i
CLOSE 11

IF R - I THEN DELTA - 1 / NN / (VALU(2, 1) - VALU(i, 1))

IF R - 2 THEN DELTh = I / NN / (VALU(3, 1) - VALU(1, ))

'STRIP DATA

FOR JJ - 2 TO C + I

CC I

FOR i I i TO NN * 2 STEP 2
VALS(i) = VALU(CC, JJ)

IF R = 1 THEN VALS(i + 1) = 0 ELSE VALS(i + 1) • VALU(i + 1, JJ)
CC • CC + R

NEXT i

CC = I

'GO TO FFT SUBROUTINE

CALL CONVERT(VALS!(), N11%)

'REPLACE DATA (UNSTRIP)

FOR i - I TO NN * 2

VALU(i, JJ) - VALS(i)

NEXT i

'GET MAGNITUDE DATA

FOR i = I TO NN n 2 STEP 2

VALM(CC, JJ) • S4R(VALS(i) * VALS(i) + VALS(i + 1) * VALS(i 1 1))
CC x CC + 1
NEXT i

NEXT JJ

'DATA STORAGE ROUTINE

'DATA STORED IN TWO SEPARATE FILES BASED ON THE ORIGINAL FILE NAME

'THE TWO FILES WILL BE AS FOLLOWS:

(1) NAME.TSD (TIME-SPLIT DATA) OR NAME.FSD (FREQUENCY SPLIT DATA)
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'k (2) NAME.TMD (TIME MAGNITUDE DATA) OF NAME.FMD (FREQ HAG DATA)

'STEP 1: CONVERT FIRST COLUMN (TIME <--> FREQUENCY)

VALM(1, 1) a 0

VALU(l, 1) - 0
VALU(2, 1) - 0

QTY * DELTA
CC • 2

FOR i - 3 TO 2 * NN STEP 2
VALU(i. 1) QTY
VALU(i + 1, 1) - QTY

VALM(CC, 1) - QTY

QTY = QTY + DELTA

CC * CC + 1
NEXT i

'STEP 2: STORE DATA

IF ISIGN x I THEN EXTi$ - "-FM.DAT" ELSE EXTI$ • "-TM.DAT"
IF ISIGN - 1 THEN EXT2$ a "-FS.DAT" ELSE EXT2$ = "-TS.DAT"

OPEN "\LELLO\FFT\" + ND$ + EXT2$ FOR OUTPUT AS 12

OPEN "\LELLO\FFT\" + ND$ + EXTI$ FOR OUTPUT AS 03

PRINT 12. NN; C; 2; ISIGN * (-1)
PRINT 13, NN; C; 3; ISIGN * (-1)

FOR i x 1 TO NN * 2

FOR J = I TO C + 1

PRINT 12, VALU(i, J);

NEXT J

PRINT 12,

NEXT i
CLOSE 12

FOR i = I TO NN
FOR J - 1 TO C + 1
PRINT #3, VAL.M(i, J);
NEXT J

PRINT 13,

NEXT i

CLOSE 13
3000 END SUB

SUB FINDERR STATIC

PRINT "IBFIND ERROR"

END SUB

SUB FRUN (dvm%, FileName$)
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This subroutine performs the voltage scan on the hot vire for
conversion to velocities. Two channels are scanned consecutively

with the HP44702B and the FET Multiplexer. The FET is connected

internally to the HP44702B via a ribbon cable.

CLS

DIM chanl(2047) AS SINGLE, chan2(2047) AS SINGLE

DEFINT I-M

LOCATE 7, 7

INPUT "Use the same root filename as in MAIN ? ", ans$

IF ans$ <> "y" THEN
CLS : LOCATE 7, 7: INPUT " Input the new file name ", FileNamoS
END IF

OPEN "A:\" + "TU" + FileName$ + ".dat" FOR OUTPUT AS 11

COLOR 0, 3

CALL SECPRES(dvm/, sfa!)

CLS : LOCATE 10, 7

PRINT " RIBBON CABLE CONNECTED INTERNALLY TO FET MULTIPLEXER?"
PRINT

PRINT " WARNING! TURN OFF HP3852A PRIOR TO CONNECTING RIBBON CABLE"

PRINT ""

PRINT " Press any key to initiate scan"

DO: LOOP WHILE INKEY$ z ""

CLS : LOCATE 7, 7: PRINT "Turbuence scan in process"

CALL IBWRT(dvm%, "RST 400")

CALL IBWRT(dvm%, "USE 400")

CALL IBWRT(dvmY, "REAL WAVE(4095),OUT1(2047),OUT2(2047)")
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CALL IBWRT(dvz%, "DISP OFF")

'Configure the HP44702B Yor high-speed scanning.

CALL IBWRT(dvm%, "1SCAAMODE ON;CONF DCV;ARMODE BEFORE")

CALL IBWRT(dvm%, "7TERM RIBBON;range 9;RDGSMODE COMPLETE")

CALL IBWRT(dvm%, "SCDELAY 0"1)

CALL IBWRT(dvnjZ, IISPER IOE-611)

CALL IBWRT(dvmY., "PRESCAN 2048;POSTSCAN 0"1)

CALL IBWRT(dvm%, "CLWRITE SENSE.321-322;ASCAN ON;SCTRIG SGL"1)

CALL IBWRT(dvm%, lXRDGS 400, 4096 INTO WAVE") 'Trigger the scan

CALL IBWRT(dvm%, "SUB SEPARAT") 'Separate the readings into 2 arrays

CALL IBWRT(dvm.~ "INTEGER I,Jll)

CALL IBWRT(dvm%, "IJ = 0"l)

CALL IBWRT(dvm/, "FOR I - 0 TO 4095 STEP 2"1)

CALL IBWRT(dvmI., "OUT1(3) = WAVE(I)")

CALL IBWRT(dvm%, "OUT2(J) - WAVE(I+1)"1)

CALL IBWRT~dvm%, "3J z J+111)

CALL IBWRT(dvm%, "NEXT I")

CALL IBWRT(dvm%., "1SUBEND"1)

CLS : LOCATE 7, 7: PRINT "Processing Data"

E- 13



0

CALL IBWRT(dvm%, "CALL SEPARAT")

CALL IBWRT(dvm%, "SCTR1G HOLD")

CLS : LOCATE 7, 7: PRINT "Writing data to temporary disk storage"

'output to the controller

'Transfer all readings to the computer controller.

CALL IBWRT(dvm, "VREAD OUTi")
CALL IBRDF(dvmX, "C:\LELLO\FREQI.DAT")
CALL IBWRT(dvm%, "VREAD OUT2")
CALL IBRDF(dvm, "C:\LELLO\FREQ2.DAT")

'Read from temporary fi.es into memory.

OPEN "C:\LELLO\FREQ1.DAT" FOR INPUT AS 13
OPEN "C:\LELLO\FREQ2.DAT" FOR INPUT AS 14
FOR i - 0 TO 2047
INPUT #3, chanl(i)
INPUT #4, chan2(i)
NEXT i
CLOSE #3
CLOSE #4

CLS : LOCATE 7, 7
PRINT "Writing data ile to disk A:"

time! = 0!
FOR i = 0 TO 2047
PRINT #i, time!, chanl(i), chan2(i)
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time! - time! 4 .00002

NEXT i
CLOSE 11

CALL IBWRT(dvm%, "DISP ON;RST 400")

CLS : LOCATE 7. 7

PRINT "Turbulence data acquisition completed"

LOCATE 9. 8

PRINT "DISCONNECT THE RIBBON CABLE IF FINISHED"

PRINT : SLEEP 2: CLS : LOCATE 7, 7

PRINT "press any key to return to main menu"

DO: LOOP WHILE INKEY$ "

CLS

END SUB

DEFSNG I-M
SUB GPIBERR STATIC
PRINT "GPIB ERROR"
END SUB

SUB PLOTT (xdat() AS SINGLE, ydat() AS SINGLE, xmin!, xmax!, ymin!,
ymax!, xlab$, ylab$, pltlab$, ntot%)

*********s**************************.,***************e**.e*.**

'Subroutine PLOTT
'This subroutine creates a plot of ydat vs xdat

CLS

SCREEN 9 'Hi-res graphics mode

VIEW (120, 10)-(570, 290), , I
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WINDOW (xmln!, ymin!)-(xmax!, ymax!)

styleX - &HFFO0

LOCATE 23, 42: PRINT pltlab$

LOCATE 1, 9: PRINT y-,,ax!: LOCATE 10, 7: PRINT ylab$: LOCATE 21, 9

PRINT ymin!

LOCATE 22, 14: PRINT xmin!: LOCATE 22, 43: PRINT xlab$: LOCATE 22, 71

PRINT xmax!

VIEW PRINT 24 TO 25:

PRINT SPC(14); , "hit any key to return to Main Menu"

CLS

LINE (. 0)-(0, 0), , , style%
FOR i - I TO nto%
x = xdat(i)
y - ydat(i)

LINE -(x, y)

NEXT i

DO: LOOP WHILE INKEY$

CLS

SCREEN 0: COLOR 3, 0

END SUB

SUB PRUN (dvm%, rho!, dt$, FileName$, iflag%, Temp!)

* A scanivalve driver program for the HP 3852A data acquisition system.
Programmed by Lt Galassi 6/21/89

This subroutine performs a pressure scan on the turbine blade
using the HP3852A data acquisition system to drive a scanivalve
step motor over 30 pressure ports.
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The ports . assigned as follows:

port 0 atmospheric
1-10 blade static
11 atmospherric

12-21 blade static
22 atmospheric

23,24,2S blade static

26 atmospheric

27 pitot head

28 pitot static
29-36 atmospheric

SHARED chord() AS SINGLE

DEFINT I-M

DIM xdat(23) AS SINGLE, ydat(23) AS SINGLE

DIM pscan(30) AS SINGLE

CLS 2

IF if:7i&% - 1 THEN
INPUT "File name to store Cp data ? ", FileName$

END IF

iflag% = 1

OPEN "A:\CP\" + "CP" + Fileflame$ + ".cp" FOR OUTPUT AS N1

OPEN "A:\CP\" + "GR" + FileName$ ' ".DAT" FOR OUTPUT AS 03

CLS

'CALL TMON(dvm)

SLEEP 4

COLOR 0, 3

LOCATE 7, 7
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INPUT "Secondary flow on (y) or (n)?", ans$

IF ans$ a "y" THEN
CLS : LOCATE 7, 7
CALL SECPRES(dvm%, sfa!)

PRINT "Secondary flow pressure (kPa) u , sfa!
END IF

LOCATE 8, 7: PRINT "BLADE PRESSURE SURVEY (approx 115 sec. duration)"

'set up the HP44701 for voltage measurements

CALL IBWRT(dvm, "RST 600")

WRT$ - "REAL A(1),B(1), PSCAN(30),OUTPUT(30),C(49),LH,M,S"

CALL IBWRT(dvm, WRT$)

Arrays are designated as follows:

A - voltages from the pressure transducer calibration
B - corresponding pressures to the voltages listed in

array A.
PSCAN - actual pressures in kPa units
OUTPUT - a temporary holding array for HP3852 buffer.

CALL IBWRT(dvm, "VWRITE A,-10.000,iO.000")

CALL IBWRT(dvm , "VWRITE B,-6.8242,9.8271")

I Perform the actual pressure scan

CALL IBWRT(dvm, "USE 600;AZERO ONCE; NPLC 16")

CALL IBWRT(dvm, "CLOSE 101") 'this call homes the scanivalve

CALL IBWRT(dvm%, "OPEN 101;CONF DCV")

CALL IBWRT(dvm, "NRDGS 50")

WRT$ = "MEAS DCV, 221,INTO C" 'read atmospheric press.

CALL IBWRT(dvm, WRT$)
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CALL IBWRT(dvmI, "STAT LHMSC")

CALL IBWRT(dvn'/, "PSCAN(O) - M-1)

CALL IBWRT(dvmX,, "DISP PSCAN(0)")

CALL IBWRT(dvmY, "SUB LOOP") 1HP 3852A subroutine

CALL IBWRT(dvm%., "INTEGER I")

CALL. IBWRT(dvm%, "FOR I a 1 TO 30"1)

CALL IBWRT(dvm/,. "CLOSE 100"1)

CALL IBWRT(dvm,, "OPEN 100;CONF DCV;NRDGS 50O")

CALL IBWRT~dv'/., "KEAS DCV, 221, USE 600, INTO C"1)

CALL IBWRT(dvm/,, 'ISTAT L,H,M,S,C"I)

CALL IBWRT(dvm/,, "PSCAN(I) = ")

CALL IBWRT(dvm/,, "1DISP PSCANCI)"I)

CALL IBWRT(dvm/,, "NEXT I")

CALL IBWRT(dvmI,, "SUBEND"1)

CALL IBWRT(dvm/., "CALL LOOP")

SLEEP 119 'allow 120 seconds for scan

WRT$ = "CONV A,B,PSCAN, INTO OUTPUT"

CAL.L IBWRT~dvm%, WRT$)

CALL IBWRT(dvm., "1VREAD OUTPUT")

'Read output into a temporary file on the hard disk

CALL IBRDF(dvm,, "1C:\LELLO\PRESS.DAT")

OPEN "1C:\LELLO\PRESS.DAT"1 FOR INPUT AS #2
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FOR i - 0 TO 30
INPUT 12, pscan(i)

NEXT i

CLOSE 12

Output the data into FileName$
Array locations are assigned as follows:

0,11,22,29-36 - Atmospheric pressure

1-10,12-21,23-25 - Blade static pressures

27 -Pitot head press.

28- Pitot static press.

CLS

COLOR 0

PRINT "Pressure Measurements on Turbine Blade 13"

PRINT 11, "Presure Measurements on Turbine Blade 1 3"

PRINT : PRINT "Date of run:", dt$

PRINT : PRINT #1, "Date of run:", dt$

PRINT : PRINT "Time of run:", TIMER

PRINT : PRINT #1, "Time of run:", TIMER

PRINT : PRINT #1, "Secondary flow pressure:", sfa!

PRINT : PRINT 11, "Head and static pitot press. (Kpa):", pscan(27), pscan(28)

I Note: q is in kPa

q! = pscan(27) - pscan(28)

deltah! = q! * 1000! / 249!

PRINT : PRINT "The difference in height of the manometer columns"

PRINT "is computed by scanivalve measurements to be: "; deltah!
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INPUT " Is this correct? (y or n) ", ans$

IF ans$ 0 "y" THEN
BEEP
PRINT : PRINT "SCANIVALVE readings are faulty"
PRINT "Returning to Main Menu": SLEEP 10
CLOSE 11: CLOSE 13: COLOR 4, 11: RETURN
END IF

Vel! x SQR(2000! * q! / rho!)

PRINT : PRINT "Freestream velocity (m/sec): "; Vel!

nu! - 1.144E-OS + (Temp! + 23.15) * 9.48E-06 / 100!

Re! - Vol! * .114 / nu! '0.144 = chord length

PRINT "Reynold's no. = ", Re!

PRINT : PRINT 01, "Freestream velocity (m/soc):"1, Vel!

PRINT I1, "Reynold's number :", Re!

SLEEP S

I Perform shift on PSCAN()

FOR i = 11 TO 20
pscan(i) = pscan(i + 1)

NEXT i

FOR i = 21 TO 23

pscan(i) = pscan(i + 2)
NEXT i

PRINT STRINGS(70, "_')

PRINT #1, STRING$(70, "."')

PRINT #1, " Port Nlo. CHORD LOCATION Cp"

LOCATE 8, 1
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PRINT " CHORD LOCATION", SPACES(12), "Cp"

LOCATE 9, 1

PRINT STRING$(80, ".')

LOCATE 22, 1

PRINT STRING$(80, "_")

VIEW PRINT 8 TO 20

CLS 2

FOR i -1 TO 10

PRINT i, chord(i), (pscan(i) - pscan(28)) / q!

PRINT I1, i, chord(i), (pscan(i) - pscan(28)) / q!

PRINT 13, i, chord(i), (pscan(i) - pscan(28)) / q!

NEXT i

PRINT " Hit any key to continue"

DO: LOOP WHILE INKEY$ =

FOR i = 11 TO 20

PRINT i, chord(i), (pscan(i) - pscan(28)) / q!
PRINT 1, i, chord(i), (pscan(i) - pscan(28)) / q!
PRINT #3, i, chord(i), (pscan(i) - pscan(28)) / q!

NEXT i

PRINT " Hit any key to continue"

DO: LOOP WHILE INKEY$ = ll

FOR i = 21 TO 23

PRINT i, chord(i), (pscan(i) - pscan(28)) I q!

PRINT #1, i, chord(i), (pscan(i) - pscan(28)) / q!

PRINT #3, i, chord(i), (pscan(i) - pscan(28)) / q!
NEXT i

PRINT "Hit any key to continue"

DO: LOOP WHILE INKEY$ = ""

'This section drives the plotter.
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ntot% a 23 'This no. corresponds to the total no. of suction side ports

ylabS a Iz I

xlab$ x * /I

pitlabS rx "Cp on the turbine blade"

xmin! x 0!

xmax! z1!

ymin! x -4.5

ymax! z 4.S

FOR i - I TO ntot,
ydat!Ci) - (psean(i) - i-scaVa28)) / q
xdat!(j - chord(i)
NEXT i

CALL PLOTT(xdat!(), ydat!(), xmin!, xmax!, ymin!, ymax!, xlabS,
ylab$, pltlab$, ntoz%)

CLOSE 11: CLOSE 13

CALL IBWRT(dvmYX, IIRSTII)

END SUB

DEFSNG I-M
SUB SECPRES (dvm%/, sfa!)

'Measure the secondary flow manifold pressure

CALL IBWRT(dvm., "aREAL P1I),V1(I).V2(1),OUTPUT(1)"I)

CALL IBWRT(dvnY,, I'vwrite V1,000,31911)

CALL IBWRT(dvmYX, "'vwrite PI, 0.000,633.6505"1)

CALL IBWRT(dvm%, "IRST 600;USE 600; AZERO ONCE;NPLC 16"1)

CALL IBWRT(dvm., "ICONFMEAS DCV,222,INTO V211)
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CALL IBWRT(dvm%, "DISP V2(O)")

CALL IBWRT(dvm%, "CONV V1,P1,V2,INTO OUTPUT")

CALL IBWRT(dvm%,, "VREAD OUTPUT(O)")

rd$ - SPACE$(06)

CALL ibrd(dvm%, rd$)

sfa! * VAL(rd$)

CLS : LOCATE 7, 7

PRINT "Secondary pressure (kPa) -", sfa!

PRINT : LOCATE 9, 7

PRINT "Press any key to continua"

DO: LOOP WHILE INKEY$ = t"

CLS

END SUB

SUB THON (dvm.)

'Configure the HP3852 to sense blade temperature

CALL IBWRT(dvm.,, "USE 600;RST 600;REAL T;AZERO ONCE")

CALL IBWRT(dvm%, "CLOSE 104")

CALL IBWRT(dvml, "CONFMEAS TEMPJ,206, INTO T")

CALL IBWRT(dv nY., "OPEN 104")

'Read datum from HP3852

CALL IBWRT(dvm,, "DISP T")
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CALL IBWRT(dvm, "VREAD Ti)

rd$ - SPACE$(16)

CALL ibrd(dvm%, rd$)

V - VAL(rd$) 'convert the string value into a

'number
CLS

LOCATE 7, 7

PRINT "Blade Temperature (F) is currently: ", T! * 9! / 5!) + 32!

PRINT : PRINT

IF T! > 65.56 THEN

CALL IBWRT(dvm., "CLOSE 104") 'this call turns power

BEEP: SLEEP 1: BEEP: SLEEP 1: BEEP

PRINT "Blade temperature too high!": PRINT

PRINT "Check Power Supply": PRINT

PRINT " Press any key to continue"

DO: LOOP WHILE INKEY$ , t-

CALL IBWRT(dvm, "open 104")

CLS 2

END IF

LOCATE 8, 7

PRINT "Press any key to continue"

DO: LOOP WHILE INKEY$ z ""

CLS

END SUB

SUB TRUN (dvm%, Temp!, FileName$, rho!)

'This subroutine performs the temperature scan on the turbine blade

land stores the data in A:/heat/FileName$.dat. The HP3852 is used to
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'acquire data along vith the HP 44713 FET Multiplexer.

DIM nu(28) AS SINGLE

DIM rhol(28) AS SINGLE

DIM t2scan(28) AS SINGLE

DIM arsa(23) AS SINGLE

DIM Vel(23) AS SINGLE

DIM S(23) AS SINGLE

DIM Nslt(23) AS SINGLE

DIM St(23) AS SINGLE

DIM xdat!(23), ydat!(23)

SHARED chord() AS SINGLE

DEFINT I-M

CALL TMON(dv%)

'Read the blade temperatures

CALL IBWRT(dvm,, "RST 600; AZERO ONCE;NPLC 1")

CALL IBWRT(dvm%, "SUB TBLADE")

CALL IBWRT(dvm., "REAL A(21)")

CALL IBWRT(dvm%, "CLOSE 104")

CALL IBWRT(dvm., "CONFMEAS TEMPJ,200-220,223,INTO A")

CALL IBWRT(dvmX, "OPEN 104")

CALL IBWRT(dvm., "VREAD A")

CALL IBWRT(dvm,, "SUBEND")
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Interactive input for the power parameters on the turbine blade.

DO
CLS : LOCATE 7, 7

INPUT "Input the delta H of the tunnel: ", doltah!

Vinf! - SqR(2! / rho! * deltah! * 249!)

LOCATE 9, 7

PRINT ' The freastrem velocity is "; Vinf!; " n/I"

SLEEP 3

CLS : LOCATE 7, 7

INPUT "Power supply current (def. = 38.5 amps) ? ", Curr!

IF Curr!- 0! THEN Curr! x 38.5

LOCATE 8, 7

Resist! - .13 'Ohms; Blade area • 0.26192 m x 0.11000 m

7 INPUT "Now filename y or n ? ", ansS

IF ans$ a "y" THEN

INPUT "Enter New file name :", FileName$

END IF

CLS : LOCATE 7, 7

INPUT "Is the secondary injection on (y or n) ? ", answerS

IF answers - "y" THEN

CALL SECPRES(dvm%,, sfa!)

ELSE

sfa! = 0!
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END IF

* .............. ****..*.....*...g.....................#...........

* Compute the total energy flux input into the blade

Qheat! - (Curr! - 2) a Resint!

.* See*S*oSeoo..*,..eoee~ooooeO9e*o.***,@o#oooe,,Ooee

CLS : LOCATE 3, 7: PRINT "Temperature Scan Menu"

PRINT STRINGS(80, "1."); PR'NT

PRINT "I) Temperature Scan"

PRINT

PRINT "2) EXIT"

PRINT : PRINT "type your selection (1-2)"

chsS - INPUT$(1)

SELECT CASE chs$

CASE "1"
CLS : LOCATE 7, 7
'Turbulence ON temperature scan on the blade

PRINT "Press any key to initiate scan"

DO: LOOP WHILE INKEY$ - ""

CALL IBWRT(dvm%, "DISP OFF")

CALL IBWRT(dvm%, 'CALL TBLADE")

CALL IBRDF(dvm%, "C:\LELLO\T2SCAN.DAT")

CALL IBWRT(dvm%, "DISP ON")
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'Read data from storage

OPEN "C:\LEL.O\T2SCAN.DAT" FOR INPUT AS #1

INPUT 1l, t2scan(28)

INPUT 11. tinf!

FOR i a 23 TO 13 STEP -1

INPUT 11, t2scan(i)

NEXT i

FOR i x 12 TO 9 STEP -1 'These nodes are dead

t2scan(i) w tinf!

NEXT i

t2scan(O) a tinf!
t2scan(1) - tinf!

t2scan(2) - tinf!

t2scan(24) a tinf!

FOR i - 8 TO 3 STEP -1

INPUT 11, t2scan(i)

NEXT i

INPUT 01, t2scan(25)

INPUT 11, t2scan(26)

INPUT 11, t2scan(27)

CLOSE #1

'Read in the Pressure Coefficients on the blade to be used in computation of
'Nusselt and Stanton numbers.

OPEN "a:\cp\gr" + FileName$ + ".dat" FOR INPUT AS 81

Vel(O) = 0!

FOR i = I TO 23

INPUT #1, dummy, dummy, Vel(i)
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NEXT i

CLOSE I I

'read in thermocouple distances along the blade So

OPEN "C:\lello\data\S.datt FOR INPUT AS 11

FOR i a I TO 23
INPUT 11, S(i)
NEXT i

CLOSE 01

'perform energy balance calculations

'conduction constants

uk! x .026 'urethane foam thermal conductivity

ak! x .0263 'air thermal conductivity

'convection constants

Cp! x 1000.7

Pr! = .707

'compute nu(i) and rhol(i) on the blade

FOR i = 0 TO 28
nu(i) - 1.144E-05 + ((t2scan(i) 4 tinf!) / 2! 4 23.15)

* 9.48E-06 / 100!

rhol(i) = 1.3947 - .3797 * ((t2scan(i) 4 tinf!) / 2! +
23.15) / 100!

NEXT i

'radiation constants

eps! = .17 'emmisivity for polished stainleos steel at 300 K

sigma! = 5.67E-08
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'compute local velocities on the blade

FOR i 1 TO 23

Vel(i) SQR((Vtnf! " 2) * ABS(1! - Vel(i)))
NEXT i

'compute local Reynold's numbers on the blade

FOR i 1 TO 23
V91(i) s Vel(i) # S() / nu(i)

NEXT i

'compute the Nur,.elt and Stanton numbers for the blade only in region

'o:f active thermocouples.

ATot! - .0288112

FOR i - 0 TO 23 'clean the arrays

Ns2t(i) - 0!

St!(i) • 0!

NEXT i

dl! = .009

FOR i = 3 TO 4

FI! - uk! * (t2scan(i) - t2scan(25)) / dl!
F2! - eps! * sigma! * (t2scan(i) - 4 - tinf! 4)

F3! - (t2scan(i) - tinf!)

h! = (Qheat! / ATot! + FI! - F2!) / F3!

Nslt(i) - ABS(h!) * S(i) / ak!

St(i) = Nslt(i) / (Pr! * Vel(i))

NEXT i

i= 5

Fl! a uk! * (t2scan(i) - t2scan(26)) / dl!
F2! - eps! * sigma! * (t2scan(i) 4 -tinf! 4)

F3! (t2scan(i) - tinf!)

h! z (Qheat! / ATot! + FI! - F2!) / F3!
Nslt(i) x ABS(h!) * S(i) / ak!
St(i) - Nslt(i) / (Pr! * Vel(i))

FOR i = 20 TO 23

Fl! = uk! * (t2scan(i) - t2scan(25)) / dl!
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F2! -eps! 0 sigma! * (t2scan(i) -4 - tint! - 4)
M3a (t2scan(i) - tint!)
h! - (Qhoat! / ATot! + Fl! - F2!) /F3!
Nslt(i) - ABS(h!) * SWi / ak!
St(i) - Nslt(i) / (Pr! *Vel.(i))
NEXT i

dl! - .012

FOR i - 17 TO 19
Fl! - uk! * (t2scan(i) -t2scan(26)) /dl!
F2! - ops! * sigma! * (t2scan(i) 4 -tinf! 4)
F3! - (t2scan(i) - tinf!)
h! - (Qheat! / ATot! + Fl! - F2!) /F3!
Nslt(i) - ABS(h!) * SWi / ak!
St(i) -Nslt(i) / (Pr! *Vel(i))
NEXT i

dl! = .005

i = 6
Fl! - uk! *(t2scan(i) -t2scan(27)) /dl!
F2! = eps! *sigma! * (t2scan(i) 4- tint! 4)
M3 = (t2scan(i) - tint!)
h! = (Qhoat! / ATot! + Fl! - F20) M 3
Nslt(i) = AHS(h!) * SWi / ak!
St(i) = Nslt(i) / (Pr! *Vel~i))

dl! = .01

FOR i = 15 TO 16
Fl! = uk! * (t2scan(i) -t2scan(27)) /dl!
F2! = eps! * sigma! * (t2scanfi) -4 -tinf! -4)

M3 = (t2scan(i) - tinf!)
hi! = (Qheat! / ATot! + Fl! - F2!) M 3
Nslt(i) = ABS(h!) * SMi / ak!
St(i) = Nslt(i) / (Pr! *Vel~i))

NEXT i

dl! = .0045

FOR i = 7 TO 8
Fl! = uk! *(t2scan(i) -t2scan(28)) /dl!
F2! = eps! *sigma! * (t2scan(i) - 4 -tint! -4)

M3 = (t2scan(i) - tint!)
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h! - (Qheat! / ATot! + Fl! - F2) / F3!

Nslt(i) = ABS(h!) * S(i) / ak!
St(i) = Nslt(i) / (Pr! * Vel(i))

NEXT i

dl! - .005

FOR i x 13 TO 14
Fl! - uk! * (t2scan(i) - t2scan(28)) / dl!

F2! -ops! * sigma! * (t2scan(i) 4 - tinf! 4)
F3! - (t2scan(i) - tinf!)
h! = (Qhat! / ATot! + Fl! - F2!) / F3!
Nslt(i) - ABS(h!) * Si) / ak!
St(i) • Nslt(i) / (Pr! * Vel(i))
NEXT i

'save data on disk

CLS : LOCATE 1, 10: PRINT "Temperature output"

PRINT

OPEN "A:\HEAT\" + "HT" + FileName$ + ".DAT" FOR OUTPUT AS X2

PRINT 12, "File:"; SPC(1); FileName$

PRINT "Secondary flow pressure = "; SPC(1); sfa!; SPC(2); "kPa"

PRINT 12, "Secondary flow pressure = "; SPC(1); sfa!; SPC(2); "kPa"

PRINT #2, "Electrical energy input = "; SPC(1); Qheat!; SPC(i); "Watts"

PRINT , "x/c", "Re no.", "Nusselt", "Stanton"

PRINT #2, "x/c", "Re no.", "Nusselt", "Stanton"

FOR i - I TO 23
PRINT 12, chord(i), Vel(i), Nslt(i), St(i)
PRINT chord(i), Vel(i), Nslt(i), St(i)
NEXT i

CLOSE #2

PRINT "Press any key to continue"
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DO: LOOP WHILE INKEY$ "

'Plot out the heat transfer solution for the blade using the
'PLOTT subroutine.

'This section drives the plotter for turbulence ON conditions.

ntotl% = 8 'This no. corresponds to the total no. of pressure side
'thermocouples

ntot2% - 12 'This no. corresponds to the total no. of suction side
'thermocouples

ylab$ x "Temp. (C)"

xlab$ - "x/c"

pltlab$ = 'Temp. on turbine blade "

xmin! = 0!

xmax! = 1!

ymin! = 20

ymax! = 65

FOR i = I TO ntotl
ydat(i) = t2scan(i)

xdat(i) = chord(i)

NEXT i

FOR i = ntotl% + 1 TO ntot2%
xdat(i) - chord(i)

ydat(i) - 0

NEXT i

FOR i = ntot2% + I TO ntotl% + ntot2 + 3
ydat(i) = t2scan(i - 4)
xdat(i) - chord(i)

NEXT i

ntot% = ntotl + ntot2 + 3
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CALL PLOTT(xdat! 0), ydat!) xminl, xmax!, ymin!, ymax!, xlabS,
ylab$, pitlabS, ntot%)

CASE 1111 EXIT DO

CASE ELSE: BEEP

END SELECT

LOOP

CALL IBWRT(dvm%, "RST")

END SUB
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